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Abstract
The development of organic solar cells as a novel form of renewable energy has been driven by
their potential for low-cost, large-scale fabrication though the solution-processing of semicon-
ducting polymers and small molecules. Certified power conversion e ciencies have reached 13%
as of 2016 thanks to the development of new donor-acceptor molecules, but the e ciency of
any given device is still highly sensitive to the morphology that these materials adopt during
deposition. It is essential that morphology is characterized thoroughly in order to establish the
relationships between molecular structure, morphological properties and device performance; in
order to maximise e ciency and make organic solar cells an economically competitive source of
renewable energy.
In this thesis, several spectroscopic techniques are used to probe the impact of various process-
ing parameters on the molecular order, crystallinity and phase separation of polymer:fullerene
blends. For the model blend system P3HT:PCBM, P3HT molecular order can be measured by
resonant Raman spectroscopy, and PCBM is found to dissolve in the amorphous domains of
the semi-crystalline polymer up to a miscibility limit of 25 %wt, above which it can only be
accommodated by increased disorder. In situ annealing demonstrates that when heated above
a glass transition temperature of ⇠50 oC, disordered blends separate into purer domains of high
molecular order that correlate well to improved charge transport and e ciency for thermally
annealed devices.
Raman spectroscopy is also used to probe the stability of the high-e ciency PTB7:PC70BM
blend. Photo-oxidation of PTB7 was found to induce specific vibrational changes that correlate
to formation of a hydroxyl group on the benzodithiophene unit. In situ experiments reveal
that hydroxylation precedes the loss of chromophores that results in deterioration of device
performance, and is accelerated by blending with PC70BM.
Understanding the impact of morphology on charge extraction from the active layer requires
the selective probing of interfacial properties at the top and bottom of the organic film, which
we demonstrate using SERS. For both a polymer:fullerene blend (PTB7:PC70BM) and a poly-
mer:polymer blend (P3HT:F8TBT), spin-coated films exhibit interfacial compositions di↵erent
from that of the bulk film and favourable to charge extraction from inverted device architectures,
but can be modified by pre- or post-annealing treatments.
Finally, we investigated the morphology of a novel low band-gap polymer, a tellurium analogue
of polythiophene, in order to understand the impact of the heavy atom on chain planarity and
iv
polymer crystallinity. The Raman spectrum of P3ATe exhibited a much stronger sensitivity to
molecular order, which was highly dependent on the length and linearity of the alkyl side chain,
but there was no clear morphological reason why P3ATe reportedly performs poorly compared
to P3HT, despite the superior absorption of its smaller band-gap.
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Chapter 1
Introduction
The rising costs of fossil fuels and impending consequences of CO2-induced climate change
are making it increasingly urgent that global demand for electricity is instead supplied by
renewable sources of clean energy. Photovoltaic (PV) solar cells are perhaps one of the most
famous examples of sustainable energy technology, exploiting the direct conversion of sunlight
to electrical power, and in recent years there has been a dramatic rise of installed PV capacity
worldwide, predicted to hit 200 GW by the end of 2015.6 Although it is accepted that solar
power will be a critical component of a clean-energy future,7 the up-take of PV solar cells has
been limited by the predominant use of inorganic semiconductor materials like silicon, which
are expensive and di cult to manufacture at large scales.8,9
Organic solar cells represent one of the next-generation thin-film PV technologies that seek to
overcome the limitations of traditional inorganic solar cells, o↵ering the potential for low-cost,
large-scale production.10,11 The advantages of organic solar cells (also known as OPVs) lie firstly
in their use of semiconducting organic molecules, which can be dissolved in common solvents
and deposited like an ink through a variety of printing/coating methods. This introduces the
possibility of adapting mature, inexpensive printing processes to the low-cost rapid production
of large-area solar cells.9 Secondly, these semiconducting organic molecules are synthesised from
cheap precursors through conventional industrial chemistry, and have optoelectronic properties
that are easily tuned through alteration of their chemical structure.12 Thirdly, the large absorp-
tion coe cients of organic semiconductors mean that the light-absorbing layer can be very thin,
⇠100 nm, permitting the manufacture of flexible solar cells and use in previously non-viable
applications such as building integration.13
Since the development of the first 1% e cient device in 1986, organic solar cells have achieved
e ciencies of 12-13% as of 2016, although they have yet to match traditional inorganic cells in
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Figure 1.1: Certified power conversion e ciencies for di↵erent solar cell technologies, including
tandem devices.1
terms of both e ciency and operational lifetime.1 Much of the improvement in e ciency comes
from the development of new materials and optimisation of device structure, but performance
is also notoriously dependent on the morphology of the organic thin film that forms the active
layer.14 The aim of this thesis is to examine and understand the relationships that exist be-
tween thin film morphology and device performance, and consider how that morphology can
be controlled to improve performance and stability. By achieving higher e ciencies and longer
operational lifetimes, organic solar cells can become economically competitive with traditional
PV technology and non-renewable energy sources.9
This thesis is divided into several chapters that consider particular questions about morphology
and device performance in organic solar cells.
Chapter 2 presents a short introduction to the theory behind organic semiconductors and their
application to solar cells. This includes a review of the current understanding of structure-
property relationships between molecular structure, thin-film morphology and device perfor-
mance.
Chapter 3 introduces the theory of Raman scattering and its application to probing molecular
structure, which is the basis of a key characterisation technique used throughout this project.
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A more advanced variant of the technique is also explained, called Surface-Enhanced Raman
Spectroscopy (SERS).
Chapter 4 describes the experimental methodology used throughout this project, in terms of
both fabrication of samples and the characterisation of their morphology.
Chapter 5 presents a detailed investigation of morphology for a model polymer:fullerene blend
called P3HT:PCBM, examining how the blend morphology is influenced by parameters such
as molecular weight, blend ratio and the choice of substrate. We also demonstrate how that
morphology can be manipulated through thermal annealing or solvent additive treatments.
Chapter 6 explores the photo-chemical stability of a high e ciency polymer, PTB7, which de-
grades rapidly when exposed to light and air. Using Raman spectroscopy and DFT simulations,
it is possible to measure degradation in situ and propose a structure for the oxidised polymer.
Chapter 7 describes how SERS can be applied to the selective investigation of interfacial prop-
erties at the top or bottom of the organic thin film, and how the results can be interpreted to
obtain quantitative values for interfacial composition in blends. The technique is then applied
to investigate the e↵ect of composition and annealing conditions in both a polymer:polymer
blend (P3HT:F8TBT) and a polymer:fullerene blend (PTB7:PC70BM).
In Chapter 8, we consider the impact of a heavy tellurium atom on the vibrational spectra and
morphology of a novel polymer and P3HT analogue, P3ATe. The e↵ect of di↵erent side-chain
structures on that morphology is also revealed, as well as how it is a↵ected by blending with
the insulating polymer, PE.
Chapter 9 summarises the work presented in this thesis, and outlines some future work based
on the results obtained.
Chapter 2
Background to Organic Solar Cells
This chapter reviews the fundamental principles that determine the functioning of solar cells
based on organic semiconducting materials. Starting with the optoelectronic properties of con-
jugated molecules and polymers, we then describe in detail the steps by which an organic solar
cell operates and how device performance has a critical relationship with the morphology of
the donor/acceptor blend layer. The development of semiconducting materials for electronic
applications, including the direct conversion of sunlight into electrical power, has traditionally
been dominated by inorganic materials such as silicon, germanium and selenium. Since the
invention of the modern metal-oxide-semiconductor (MOSFET) transistor, demand for high
performance integrated circuitry has driven the manufacture of larger and larger high-purity
single crystals of these materials. Despite the obvious success of inorganic electronic devices,
the cost of these materials remains high due to their relative abundance, mining, and the inher-
ently expensive manufacturing techniques required to obtain large, high-quality crystals.15 The
search for a cheaper, more easily manufactured alternative took a step forwards with the discov-
ery that conjugated organic molecules, based on chains of carbon atoms linked by alternating
single and double bonds, can exhibit tuneable electronic properties including conductivity,16,17
electroluminescence,18,19 and photovoltaic power.20–22
2.1 Organic Semiconductors
The semiconducting properties of certain organic materials arises from their conjugation, where
the un-hybridised pz orbitals of adjacent sp2-hybridised carbon atoms overlap to form an ⇡
bond that is localised above and below the bond produced by sp2 orbital overlap, as illustrated
in Figure 2.1a. The overlap between two atomic pz orbitals can be either in-phase (⇡ bonding)
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or out-of-phase (⇡* anti-bonding), forming two molecular orbitals with lower and higher energy
respectively. In a conjugated molecule, the overlap between several atomic pz orbitals in a chain
of n sp2-hybridised atoms results in n molecular orbitals with a range of di↵erent energies from
fully in-phase (lowest energy) to fully out-of-phase (highest energy), all of which are delocalised
along the conjugated chain.23,24 As the conjugation length increases towards infinity, the in-
creasing number of ⇡ and ⇡* orbitals form a semi-continuous energy level structure, analogous
to the valence and conduction bands of an inorganic semiconductor (see Figure 2.1b).
Figure 2.1: a) the pz atomic orbital of an sp2-hybridised carbon atom, and the ⇡ orbital
formed from two pz orbitals in ethene. b) Molecular orbital diagram for molecules of di↵erent
conjugation lengths, showing that a greater number of conjugated atoms results in increasingly
band-like ⇡ and ⇡* orbitals.
As each carbon’s pz orbital contains a single electron, exactly half of the resulting molecular
orbitals (i.e. all the lower-energy ⇡ bonding orbitals) will be filled by paired electrons. Similar
to the band-gap between valence and conduction bands for an inorganic semiconductor, there is
a gap between the highest occupied molecular orbital (the HOMO) and the lowest unoccupied
molecular orbital (the LUMO) of a conjugated molecule. As the conjugation length increases,
further splitting of the ⇡ and ⇡* energy levels results in a smaller energy gap (see Figure
2.1b). This energy gap is critical to the semiconducting nature of both inorganic materials and
conjugated polymers, acting as a barrier to easy conduction of electrons, which must first be
promoted from the fully occupied HOMO to the unoccupied LUMO. This promotion requires
energy equal to that of the gap, which can be obtained by the absorption of light, and the
reverse process (relaxation of electrons from LUMO to HOMO) can produce the emission of
light. For conjugated molecules the gap is typically 1.5-3 eV, making them semiconductors that
are particularly applicable to the absorption/emission of visible light.
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Figure 2.2: Energy level diagram for the ground state (S0), singlet (S1) and triplet (T1)
exciton states, and electron (P ) and hole (P+) polaron states of a conjugated molecule.
A major di↵erence between organic and inorganic semiconductors lies in the properties of their
optoelectronic excitation: when absorption of a photon excites an electron from the HOMO
to the LUMO, it leaves behind a positively-charged electron-hole and the Coulomb attrac-
tion between the opposite charges binds them together into a quasi-particle called an exciton
(shown in Figure 2.2).24 For organic materials, localisation of electronic wavefunctions on single
molecules and a low dielectric constant (✏r ⇠ 2-4) mean the Coulomb attraction is only weakly
screened, resulting in localised, tightly-bound Frenkel excitons (with binding energies of 0.3-0.5
eV) rather than the delocalised, loosely-bound Mott-Wanier excitons (<20 meV) of inorganic
materials.13,24,25 Considering that the thermal energy at room temperature is only ⇠26 meV,
additional force is required to overcome the Frenkel exciton’s binding energy if the two charges
are to be separated for extraction at di↵erent electrodes. The binding energy can be considered
to be the impact of coupling between electronic properties and molecular structure, where the
change in electron density distribution induced by excitation results in a change in nuclear ge-
ometry (the shift in nuclear coordinate shown in Figure 2.3). The e↵ect is to bring the original
HOMO and LUMO closer together in terms of energy, stabilising the system, and the struc-
tural distortion forms part of the exciton quasi-particle. A similar e↵ect is observed for positive
or negative charge carriers introduced by either exciton separation or electrical injection: the
molecular structure is distorted to stabilise the charge, the frontier orbital energies are shifted
into the band-gap (see Figure 2.2) and are better described as polarons rather than free charges
as a result.24,26 Triplet excitons are typically only observed in organic materials through the
non-geminate recombination of opposite polarons, as optical excitation of a triplet state from
the singlet ground state is formally forbidden and organic materials usually lack the spin-orbit
coupling that allows rapid inter-system crossing from the singlet state to the triplet state (see
Figure 2.3) and vice versa.27,28
There are three key advantages for organic semiconductors over inorganic materials: their cost,
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Figure 2.3: Jablonski diagram showing the main transitions for a conjugated molecule: a)
absorption, b) vibrational relaxation, c) fluorescence, d) inter-system crossing, e) phosphores-
cence.
their tuneable electronic properties and their ability to be processed in solutions.10,22,29 The
cost of organic materials vary with their demand and the chemistry required, but typically the
cost of chemical synthesis decreases as it is scaled up to meet demand: the conductive poly-
mer poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), which is commonly
used in organic solar cells as an interlayer material, was costed at 5-12 euros per square metre
in 2011.9
The tunable electronic properties of organic semiconductors are a key advantage over inorganic
materials, as the size and shape of the conjugated system can be easily changed in any num-
ber of ways by altering the synthesis of the molecule, while inorganics are restricted to limited
combinations of inorganic materials and particular dopants. To date, organic semiconductors
have included small molecules, such as buckminsterfullerene and pentacene,30,31 homo-polymers
like polyparaphenylvinylene and polythiophene,22,32 and co-polymers such as thienothiophene-
alt-benzodithiophene.33 Each has its own distinctive opto-electronic properties, such as light
absorption or emission at particular wavelengths, which can be further tuned to suit a partic-
ular purpose by more minor chemical alterations such as fluorination. Organic semiconductors
typically have very large attenuation coe cients, up to 105 cm 1, that allow a very thin (<100
nm) layer of material to absorb and harvest a large fraction of incident light.12,13,34 The use of
thinner layers can compensate for the relatively poor conductivity of organic semiconductors,
which have charge carrier mobilities between 10 5 and 10 cm2 V 1 s 1, though reported mobil-
ities continue to rise with the development of novel materials, and are now almost comparable
to amorphous silicon.35–37
Perhaps the most industrially significant advantage, organic semiconductors are also readily
soluble in common organic solvents and can be easily deposited from solution as a solid film
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onto a wide variety of substrates.10,29 This solution-processing o↵ers the possibility of using
modern printing techniques to coat large areas with high throughput at low cost, making it ideal
for the large-scale manufacture of economically competitive solar cells.11 While some inorganic
semiconductors such as zinc oxide (ZnO) have also been demonstrated to be solution-processable,
organics o↵er the greatest potential for a combination of flexible, low-cost fabrication and highly
tunable electronic properties.
2.2 Organic Solar Cells
Like traditional solar cells based on inorganic semiconductors such as silicon, organic solar cells
comprise a light-absorbing active layer sandwiched between two electrodes, which collect photo-
generated electrons and holes respectively.34 In order for light to reach the active layer, one
electrode must be transparent, and is invariably made from indium tin oxide (ITO) due to a
combination of high transparency (80-90%) and low resistivity (10-100 ⌦/cm2),24 though alter-
native materials are actively being sought due to poor mechanical properties and indium’s rarity
and cost.9,38,39 Unlike inorganic solar cells, where the active layer is a single semiconducting
material selectively doped to form a p-n junction, organic solar cells are typically based on a
‘bulk heterojunction’ (BHJ), a mixture of two di↵erent organic semiconducting materials that
act as electron-donor and -acceptor (described in detail later). When studying the performance
of a solar cell, the primary figure of merit is power conversion e ciency (PCE, or ⌘), which
is characterised by measurement of photo-current against applied voltage under illumination,
plotted as a J-V curve in Figure 2.4.
PCE is determined by the following device parameters: short-circuit current (JSC), the photo-
current obtained under no applied bias; the open-circuit voltage (VOC), the applied bias at
which no current flows; and the fill factor (FF ), which reflects how ‘ideal’ the cell is. The
actual electrical power obtained from the cell is the product of photo-current and voltage, and
reaches a maximum (Pmax) at a particular point on the cell’s J-V curve (Jmax ⇥ Vmax), which
can be defined as the product of JSC , VOC and FF . The overall PCE can then be obtained as
the ratio between the electrical power Pmax and the incident power of illumination (Pi) received
by the device, according to Equation 2.1.
PCE =
Pmax
Pi
=
JSC ⇥ VOC ⇥ FF
Pi
(2.1)
Chapter 2. Background to Organic Solar Cells 9
Figure 2.4: J-V curve for a typical solar cell under 1 sun of illumination, with key device
parameters labelled: JSC = short circuit current, VOC = open circuit voltage, Pmax = maximum
power.
For the sake of standardising measurements of e ciency, the source of illumination is usually a
simulated solar spectrum (Figure 2.6) with a Pi of 1 sun, or ⇠1000 W/m2. The fill factor FF
is sometimes described as the squareness of the J-V curve (Figure 2.4) and is defined as the
ratio between the maximum power (the product of Jmax, Vmax) and the theoretical power (the
product of JSC and VOC) of the cell, as defined by Equation 2.2.
FF =
Jmax ⇥ Vmax
JSC ⇥ VOC (2.2)
The process of an organic solar cell turning sunlight into useful electricity involves five major
steps, as follows:
1. absorption of a photon to form an exciton
2. di↵usion of the exciton to the heterojunction interface
3. charge separation across the interface
4. transport of the free charge carriers to their respective electrodes
5. extraction of the charges as photo-current
Each of these processes is depicted visually in Figure 2.5, for a heterojunction containing an
electron-donating material and an electron-accepting material, between two electrodes with
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Figure 2.5: Energy level diagram for a heterojunction-based organic solar cell under short-
circuit conditions, depicting the five stages of its operation: 1) absorption, 2) exciton di↵usion,
3) exciton dissociation, 4) charge transport, 5) charge extraction.
di↵erent workfunctions. In order to obtain the highest possible PCE from a given solar cell,
it is essential that JSC , VOC and FF are all maximised. This is done by considering each
step of the cell’s operation, from light absorption to current extraction, and optimising the
structure and composition of the cell to avoid any loss mechanisms for each step that may
result in drastically poorer performance. Generally, the use of materials with sub-optimal band-
gaps or poorly-matched LUMO levels will compromise the VOC of a solar cell; while ine cient
charge separation, transport and extraction all reduce the obtained JSC , and FF is a↵ected by
recombination and series resistance losses.24,40
2.2.1 Absorption
The first step of a solar cell’s operation is the absorption of incident sunlight by the semiconduc-
tor active layer, with the absorption of each photon producing a singlet exciton by exciting an
electron from an occupied energy level to an unoccupied one. As the lowest-energy excitation
possible is that from the HOMO to the LUMO, photons with a lower energy than the semi-
conductor’s optical band-gap (Eg) cannot induce excitation and therefore cannot be absorbed.
When photons of greater energy than Eg are absorbed, the excitation has a higher electronic
and/or vibrational energy, but the excess energy is quickly lost in the form of heat as the exciton
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undergoes internal conversion (if in a higher electronic state) and/or vibrational relaxation (if
in a higher vibrational state) down to the lowest excited state, as illustrated in Figure 2.3. This
means the band-gap of the organic semiconductor must be tuned to balance this energy loss
against the number of photons that can be absorbed. Figure 2.6 depicts the distribution of
photon energies for a reference solar spectrum, which approximately follows that of a 6000 K
black-body radiator, and based on this distribution an optimum band-gap of ⇠1.3 eV has been
calculated.41–44 This also puts an upper limit on the theoretical e ciency of a single junction
solar cell at ⇠33%, with ⇠66% of incident energy either not absorbed or lost through internal
conversion.43
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Figure 2.6: Absorption spectrum of a typical conjugated polymer, P3HT, compared to the
intensity spectrum of sunlight under standard conditions (AM 1.5).
As noted in Section 2.1, the large extinction coe cients of organic semiconductors means that
only thin (<100 nm) layers are needed to absorb a significant fraction of incident light. Thicker
layers allow for even greater absorption, and therefore more excitons generated, but relatively
poor charge mobilities mean that electrical resistance within the organic layer can become
problematic for charge transport (which will be discussed later).24 Optimised organic solar cells
typically use active layers with thicknesses of 50-500 nm, depending on the balance between
extinction coe cients and charge mobilities for the materials used.45–47
2.2.2 Exciton Dissociation
In Section 2.1 we described the excited state of an organic semiconductor as a Frenkel exciton
with a large binding energy (0.3-0.5 eV), which must be overcome if the charges are to be
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spatially separated into electron and hole polarons and collected at opposite electrodes.24,25
The conventional method is to create a heterojunction between two organic semiconductors
with di↵erent LUMO energy levels, as illustrated in Figures 2.5 and 2.7.21,34 If the energy o↵set
( ELUMO) exceeds the exciton binding energy, then the excited electron will undergo charge
transfer to the lower LUMO (the electron acceptor) material, resulting in spatially separated
electron and hole polarons on di↵erent materials.25,48
Figure 2.7: Energy level diagram for the heterojunction between electron donor and electron
acceptor materials, depicting a loosely-bound CT state formed by charge transfer.
Once an exciton has reached the heterojunction, the process of dissociation occurs at ultra-fast
(femtosecond) time scales,48 and once it has occurred the resulting pair of polarons are spa-
tially separated across two molecules and the donor/acceptor interface, though a weak coulombic
attraction keeps the two polarons associated with one another as a geminate pair, or charge-
transfer (CT) state.25,28 CT states have been directly observed in a number of organic semi-
conductors, primarily through their red-shifted emission (due to the smaller energy di↵erence
between electron and hole for the CT state in Figure 2.7).49,50 However, there is still some
disagreement about the precise nature of the exciton dissociation mechanism, whether dissoci-
ation must always occur via a stable CT intermediate state or can proceed directly to a charge
separated (CS) state through so-called ‘hot charge transfer’.51–53
Despite highly e cient dissociation across a heterojunction, the relatively short exciton di↵usion
length (⇠11 nm) within organic semiconductors is a major limitation that dominates organic
solar cell design.23–25 Only excitons formed within ⇠11 nm of the heterojunction can di↵use to
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the interface and dissociate before they decay back to the ground state without contributing
to photo-current, and consequently the active region of a bilayer heterojunction is limited to
a thickness of <24 nm (illustrated in Figure 2.8).24 The bulk heterojunction is a means of
circumventing this limitation by mixing the donor and acceptor materials together to create
a much larger heterojunction interface distributed throughout the entire layer (illustrated in
Figure 2.8). The intention is to ensure that all molecules are within⇠11 nm of the heterojunction
and can contribute to photo-current, permitting the use of optically thicker films to harvest a
greater fraction of incident light.54–56
Figure 2.8: a) a simple bilayer heterojunction. b) A bulk heterojunction.
2.2.3 Charge Transport
Once free charge carriers have been produced by exciton dissociation across the heterojunction,
they must be transported through the active layer to be collected at their respective electrodes
as useful photo-current. Within the active layer, electrons are transported through the acceptor
material and holes through the donor material. The ease with which positive or negative charge
carriers are transported through a material is given by the charge mobility µ, expressed in units
of cm2 V 1 s 1 and measured experimentally as the velocity of the charge carriers (v) under an
applied electric field (F ) according to Equation 2.3.19
µ =
v
F
(2.3)
Due to the localisation of excitons and polarons onto single molecules, transport through organic
semiconductors occurs via hopping between molecules rather than the band transport that
dominates for delocalised excited states on inorganic semiconductors.35 Consequently, organic
semiconductors tend to display anisotropic charge mobilities, with fast transport in the ⇡-⇡
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stacking direction, which can be hindered by a combination of structural disorder (variations in
intermolecular separation) and energetic disorder (variations in HOMO/LUMO energy levels).
Due to the slower nature of hopping transport vs band transport, coupled with the barriers
introduced by the disorder inherent to semi-crystalline or amorphous organic semiconductors,
their reported charge mobilities are relatively low compared to inorganic materials, <10 cm2
V 1 s 1 compared to ⇠1000 cm2 V 1 s 1 for crystalline silicon.35–37
While slow charge transport is theoretically less of an issue for solar cell applications than for
transistors, which may have to operate at high frequencies and require fast response times, pro-
longing the time a charge spends within the active layer of the device increases the probability
that it encounters an opposite charge and they recombine, ultimately resulting in a reduced
photo-current.57 There is also a danger of electrochemical degradation, due to the reactivity
of charged organic molecules.58 Despite the spatial separation of electron and hole polarons on
acceptor and donor materials respectively, recombination is still possible across the heterojunc-
tion interface or within a particular material if any minority charges are present. The former is
particularly problematic for bulk heterojunction devices, as the heterojunction’s large interfacial
area and distribution throughout the active layer increase the probability of recombination.59
A further problem is that a randomised distribution of donor and acceptor material can lead
to isolated donor or acceptor domains where charges are trapped, unable to find a percolated
transport pathway to the appropriate electrode.60 Consequently, the ‘ideal’ heterojunction is
one comprised of a comb-like bicontinuous network of interdigitated domains, as shown in Figure
2.9, where the domain scale is small enough to ensure the e cient dissocation of excitons but
domains are arranged to allow easy transport of charge carriers to their respective electrodes.
The selective concentration of donor material at the anode surface and acceptor material at the
cathode surface also reduces losses through surface recombination or shunt pathways.24
Figure 2.9: Illustration of the idealised ‘comb-like’ heterojunction.
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2.2.4 Charge Extraction
The final step of a solar cell’s operation is extraction of the charges from the active layer into the
electrodes, where they can leave the cell as electrical current. The predominant device architec-
ture is one where the active layer is sandwiched between two electrode materials, one of which
must be transparent, as shown in Figure 2.10. Using materials with di↵erent workfunctions
( ) for the anode and cathode provides a built-in potential bias, shown as a gradient in the
energy levels of the active layer materials, that helps drive electrons and holes to the appropriate
electrodes. In a conventional device architecture, the ITO acts as the anode (hole-extracting
electrode) and a low- , metal such as Al as the cathode (electron-extracting electrode).40 How-
ever, the use of low-  metals can compromise device stability due to their reactivity, inverted
devices try to avoid this by instead employing a more stable high-  metal such as Ag or Au
as the anode, making ITO the cathode and reversing the built-in bias direction (see Figure
2.10b).61,62 In both cases, e cient charge extraction is achieved by matching the electrode  
to the appropriate energy level of the semiconductor, in order to minimise the energetic barrier
presented to the respective charge carriers. (Figures 2.10c and d).63
Figure 2.10: schematics for conventional (a) and inverted (b) device architectures, with elec-
tron and hole transport interlayers; and their respective energy level diagrams (c,d).
Similar to slow charge transport, slow charge extraction due to an energetic barrier increases
the time that charge carriers spend in the active layer and can result in a loss of photo-current
due to recombination. Interlayers (charge transport layers) are routinely used to introduce an
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intermediate energy level with a lower energetic barrier, to increase the spatial separation of
electrons and holes by acting as a barrier to one charge carrier, and to improve wetting between
the active layer and electrode surface.29,61,64
2.3 The Importance of Film Morphology
So far we have explained the operation of organic solar cells and presented a relatively simplistic
description of what would constitute the optimal organisation of the active layer’s donor:acceptor
heterojunction. In reality, the organisation of an organic thin film is very complex and di cult to
control, but remains critically important to determining device e ciency for the reasons stated
in Section 2.2. The overall ‘morphology’ obtained for any given thin-film active layer will depend
strongly on both the chemical structures of the materials used and the conditions in which they
were deposited, as well as any subsequent treatments used to modify it.14 Consequently, the
characterisation and control of this thin film ‘morphology’ is a critical step in the optimisation
of device performance, and is the major focus of this thesis.
By far the most common materials used for the donor:acceptor heterojunction are conjugated
polymers and fullerenes, which act as electron-donor and -acceptor respectively (Figure 2.11.
Typically, the polymer is the dominant light absorber, whereas fullerenes (and their adducts)
have very high electron mobilities, and polymer:fullerene blends have achieved published e -
ciencies of up to ⇠10%.65 Rather than forming bilayer or comb-like heterojunctions like those
depicted in Figures 2.8a and 2.9, the co-miscibility of these two classes of materials almost ex-
clusively produce very well-mixed bulk heterojunction morphologies, like that in Figure 2.8b,
though there is increasing evidence that even these lack a clearly defined interface between the
two materials and are in fact mixed at the molecular scale.66
In the following sections of this chapter we will briefly outline two major morphological param-
eters that are key to determining the overall e ciency obtained for a classic polymer:fullerene
blend system, that of poly(3-hexylthiophene) (P3HT) and phenyl C60 butyl methyl ester (PCBM).
2.3.1 Molecular Order
An important consideration when studying the active layer morphology is the molecular order
of the conjugated polymer. Molecular order is a term used in the literature to refer to several
aspects of morphology,67 but throughout this thesis it will be used to refer exclusively to the
conformational planarity of the conjugated backbone. The overall molecular order of a polymer
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Figure 2.11: Chemical structures for some of the organic semiconductor materials studied in
this thesis, divided into electron donors (red, left) and electron acceptors (blue, right).
Chapter 2. Background to Organic Solar Cells 18
in a thin film is determined by the distribution of conformations present, and as such is a
useful concept for describing polymers that are semi-crystalline or amorphous, but still have
short-range organisation that can profoundly a↵ect device performance. The e↵ect is apparent
in both the polymer’s absorption and charge transport properties: as described in Section
2.1, delocalisation of the ⇡ and ⇡* orbitals along the conjugated backbone is dependent on co-
planarity between their constituent pz orbitals, and any twisting of the conjugated backbone will
inhibit that delocalisation, reducing the polymer’s e↵ective conjugation length and increasing
the optical band-gap, as shown by a blue-shift of absorption in Figure 2.12.68 Planar chains are
also more easily stacked in the ⇡-⇡ direction, which aids intermolecular charge transport, and
more ordered polymers have been reported to exhibit higher charge carrier mobilities.69 For a
given polymer, disorder (i.e. a more twisted conformation) can be caused by either inherent
structural properties, such as steric hindrance between repeat units, or an external force, such
as a disruptive interaction with other molecules.68,70
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Figure 2.12: left) Planar and twisted conformations for an oligomer of a polythiophene. right)
Normalised absorption spectra for films of regioregular and regiorandom-P3HT, which adopt
predominantly planar and twisted conformations respectively.
When organic semiconductors are packed together in a crystalline domain (or aggregate), there
is significant overlap between the ⇡ systems of neighbouring molecules. This overlap is re-
sponsible for the easier transport of charges from molecule to molecule in aggregates, but the
electronic coupling between molecules can also have an impact on their optical properties. The
absorption/emission spectra of aggregates tend to follow Franck-Condon progressions, with a
⇡-⇡* peak comprised of overlapping but well-defined vibronic transitions that correspond to
excitation/relaxation to di↵erent vibrational energy levels. In the case of absorption for a poly-
mer like P3HT (see RR-P3HT spectrum in Figure 2.12) the shoulders at ⇠575 and ⇠605 nm
corresponds to the 0-1 and 0-0 vibronic excitations respectively.
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The relative intensities of the 0-1 and 0-0 transitions strongly depend on the nature of the
aggregation. Spano et al. have shown that the photophysics for small molecules and polymers
like P3HT are best described by a weakly-interacting H-aggregate model, where the 0-0 tran-
sition is formally forbidden due to strong inter-chain coupling (between units on neighbouring
molecules).71,72 Weakly interacting means that it’s possible for the same molecules to form a
J-aggregate where the 0-0 transition is allowed, provided that intra-chain coupling (between
units on the same chain) dominates.73
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Figure 2.13: a) Normalised absorption spectra for RR-P3HT films exhibiting H vs J-aggregate
behaviour, with very di↵erent 0-0 intensities. b) Illustration of inter- vs intra-chain coupling in
H- and J-aggregates.
The change in aggregation from H-like to J-like can be achieved by modifying the deposition
conditions, and is apparent in a marked increase in the relative intensity of the 0-0 transition
(see Figure 2.13). As the intra-chain coupling associated with J-aggregation requires strong
⇡-electron delocalisation along the chain, it is associated with very long conjugation lengths (as
evidenced by the red-shift of absorption in Figure 2.13) and therefore higher molecular order
and crystallinity compared to H-aggregates. Hence the relative intensity of the 0-0 transition is
often used as an indicator of crystallinity.14,73,74
Due to the smaller band-gap and better charge transport of polymers with high molecular
order and greater crystallinity, which can lead to better device performance, a great deal of
e↵ort is made to try and ensure that polymer chains are highly ordered even when blended
with other materials. To this end, Chapter 5 presents a detailed investigation of the nature
of molecular order for a classic ‘model’ polymer, examining the relationships between several
structural/processing parameters and thin film morphology in terms of their impact on molecular
order. We will also examine the morphology and molecular order of some more novel materials,
in Chapter 8.
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2.3.2 Phase Separation
Amajor morphological property for blend films is the extent of phase separation between the two
materials, which can be anywhere from completely intermixed (if the two materials are fully
co-miscible) to completely separated (if totally immiscible).3,40 The ultimate e↵ect of phase
separation on device performance follows from the relationships described in Section 2.2: an
intermixed phase with a large donor/acceptor interface is required for e cient exciton disso-
ciation; while percolated networks of relatively pure domains are essential to e cient charge
transport. In order to strike a balance between these conflicting morphological demands, the
active layer must adopt a three-phase morphology (shown in Figure 2.14) combining an inter-
mixed amorphous phase, for exciton dissocation; with two purer phases for electron and hole
transport respectively.66 However, the optimum proportions of these three phases will vary be-
tween materials with di↵erent physical and opto-electronic properties, and it is possible that
there is no single, optimal morphology that applies to all organic solar cells.
Figure 2.14: Illustration of molecular order and phase behaviour for a semi-crystalline con-
jugated polymer (red lines) in a) a neat film, and b) a blend with fullerene molecules (blue
circles).
Phase separation occurs during the deposition of the blend from evaporating solvent, and thus
can be profoundly influenced by several processing parameters including the deposition tech-
nique, the choice of solvent and temperature.3,75 As a general rule, slower deposition gives the
two materials more time to separate and organise into larger, purer domains, leading to a greater
degree of phase separation.76 Consequently, rapid deposition can result in a very intermixed film
and a lower short-circuit current due to a lack of a percolated network of pure domains. If the
as-cast film has a low degree of phase separation, the formation of pure domains can be pro-
moted by post-deposition treatments such as the application of heat (thermal annealing) or
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solvent vapour (solvent annealing).60,68 By heating above the material’s glass transition tem-
perature (Tg) or reducing Tg through partial solvation, molecules within the film become mobile
and can di↵use through the film, reorganising towards a more equilibrium morphology with
greater separation and higher molecular order. However, care must be taken to avoid excessive
phase separation, as overly-large domains will hinder exciton dissociation and the formation of
micron-scale crystallites can result in electrical short-circuits and even damage to the overall
device structure.40
2.3.3 Vertical Separation and Interfacial Morphology
A further consideration regarding phase separation of the blended active layer is whether the
two materials separate vertically within the film, which has implications for charge extraction.
As described in Section 2.2, electrons are extracted from the acceptor material at the cathode
interface, and the holes are extracted from the donor material at the anode interface. Con-
sequently, the existence of a vertical composition gradient can facilitate or suppress e cient
charge extraction, depending on which material is concentrated at which interface (illustrated
in Figure 2.15). For a polymer:fullerene solar cell with a conventional device architecture (illus-
trated in Figure 2.10, the ideal distribution is one where polymer donor is concentrated at the
substrate (ITO interface), and fullerene is concentrated at the top surface (cathode interface).77
The direction and degree of vertical phase separation depends on the di↵erence in surface en-
ergy between the two interfaces (i.e. substrate and air) and the di↵erence in surface energy
between the two blend materials, as the higher-energy component will tend to di↵use towards
the higher-energy interface during deposition and any subsequent annealing treatments.78 The
direction of vertical phase separation typically exhibited by polymer:fullerene blends (see Figure
2.15b) has been invoked to explain how certain blend systems have been shown to exhibit higher
e ciencies in inverted device architectures.79,80
A further concern is the organisation of the materials present at each charge-extracting interface.
Rough surfaces and confinement e↵ects may lead to changes in molecular order and/or a selective
molecular orientation for conjugated polymers adjacent to the interface,30,67,81,82 which can
a↵ect how easily charge carriers are extracted from the active layer into the electrode.
Consequently, it is also important to study the local composition and morphology at each
interface, in order to understand the positive or negative influence they may have on charge
extraction. To this end, in Chapter 7 we will discuss the use of an advanced spectroscopy
technique (Surface Enhanced Raman Spectroscopy) as a tool for selectively probing interfacial
properties in organic thin films.
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Figure 2.15: a) Illustration of vertical phase separation for a donor:acceptor blend film. This
direction is favourable to charge extraction from conventional device architectures. b) Illus-
tration of vertical phase separation typical for polymer:fullerene blends, favourable to inverted
devices.
Chapter 3
Background Theory of Raman
Spectroscopy
The investigation of thin film morphology in the bulk heterojunction active layer of an OPV
naturally requires e↵ective characterisation techniques to probe that morphology. Throughout
this thesis we will make use of several techniques, but will focus in particular on resonant Raman
spectroscopy and derived techniques. In this chapter, we discuss the fundamental theory behind
Raman scattering that is essential to understanding the results reported herein.
3.1 Theory of Raman Scattering
“The Raman e↵ect” is the inelastic scattering of light by molecules, such that the wavelength of
the light is changed through interaction with certain molecular vibrations. It was first described
in 1921 by the eponymous C. V. Raman and K. S. Krishnan,83 and eventually won Raman the
Nobel Prize for Physics. Typically only one in ⇠107 photons are scattered inelastically, the
majority are scattered elastically (with no change in wavelength) and are termed Rayleigh scat-
tering.84 Modern Raman spectroscopy instruments employ lasers to provide a narrow excitation
line and advanced holographic notch filters to remove the unwanted Rayleigh-scattered light, al-
lowing only Raman-scattered light through to reach the sensitive detector. Raman spectroscopy
is a broadly applicable technique that has been used to study the vibrational modes of molecules
in a wide variety of research fields, from solid state physics to biochemistry, and from industrial
process monitoring to the authentication of art.85 In this chapter we will consider the theory
and application of Raman spectroscopy to the study of organic semiconductors.
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The interaction of a molecule and incident light during scattering can be considered in two ways:
as a classical treatment of electromagnetic radiation, or by a quantum mechanical description
of molecular energy levels.84
Classically speaking, incident light is considered to be a plane-wave with an oscillating magnetic
field, B, and electric field, E. The electric field at any given point is determined by the amplitude
of the oscillating field (E0), the frequency of the wave (!0) and time (t).
E = E0 cos(!0t) (3.1)
During scattering, the electric field interacts with the molecule and induces an electric dipole
moment (P) with the same frequency, that acts as the source of scattered radiation. The ease
with which the induced dipole forms will also depend on the polarisability (↵) of the molecule’s
electron cloud.
P = ↵E0 cos(!0t) (3.2)
The intensity of the radiation emitted by the dipole is proportional to |P|2, and will therefore also
be proportional to |↵|2. However, any molecular vibrations will alter the molecule’s polarisability
through changes in bond lengths and atomic positions (expressed in terms of a vibrational
coordinate, Q). Therefore ↵ must be approximated as follows:
↵ = ↵0 +
✓
 ↵
 Q
◆
0
Q+ ... (3.3)
where ↵0 is the polarisability of the molecule at equilibrium and ( ↵/ Q)0 is the change in
polarisability with respect to changes in Q. Higher order terms also exist, but can be ignored
when vibrational amplitudes are small. When the additional terms are included in Equation
3.2, it becomes as follows:
P = E0 cos(!0t)

↵0 +
✓
 ↵
 Q
◆
0
Q0 cos(!vt) + ...
 
(3.4)
This leads to an induced dipole moment that has three distinct frequency components: the
original frequency of the incident light, P(!0), and two components shifted by the frequency
of the molecular vibration, P(!0 ± !v). The former gives rise to elastically-scattered radiation
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at the same frequency as the incident light, referred to as Rayleigh scattering; while the latter
gives rise to inelastically-scattered radiation at lower or higher frequencies, referred to as Stokes
and anti-Stokes Raman scattering respectively.84
P = P(!0) +P(!0 + !v) +P(!0   !v) (3.5)
The change in frequency (the Raman shift) is therefore directly related to the frequency of
the vibration, and is usually given in wavenumbers (cm 1). However, the classical treatment
has a number of drawbacks, including a failure to account for the lower intensity observed for
anti-Stokes vibrational modes, and the fact that molecules in the vibrational ground state can
still undergo Raman scattering. Thus, we also need to consider Raman scattering through the
lens of quantum mechanics.
Figure 3.1: Jablonski diagram illustrating electronic (S) and vibrational (v) energy levels, and
the transitions involved in Rayleigh and Raman scattering (Stokes and anti-Stokes). Resonant
Raman occurs when ~!0 ⇡ Eg.
In the quantum mechanical interpretation, scattering starts with the excitation of a molecule
from the electronic ground state (S0, illustrated in Figure 3.1) to a virtual energy state, through
the absorption of the incident photon. Under non-resonant conditions, the laser excitation has
a lower energy than the molecule’s optical band-gap (the S0-S1 transition) and so the virtual
excited state lies within the band-gap. The virtual state does not really exist but simply repre-
sents a very short-lived distortion of the molecule’s electron cloud by the energy of the photon,
so brief that the molecule’s nuclear geometry remains unchanged.5,84 The virtual state instan-
taneously relaxes radiatively back to S0, emitting a scattered photon. If the molecule returns
to the original vibrational energy level (v0) of the electronic ground state, the scattered photon
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is of equal energy and wavelength to the incident photon (Rayleigh scattering). Relaxation
back to a higher vibrational level (i.e. v1) produces a lower-energy photon of longer wavelength
(Stokes Raman scattering). Relaxation to a lower vibrational level requires the molecule to be
vibrationally excited (v1, v2, etc) to begin with, and produces a higher-energy photon of shorter
wavelength (anti-Stokes Raman scattering). As in the classical interpretation, the change in
photon energy is equal to the energy of the vibration, ~!v. At room temperature, the majority
of molecules have insu cient energy to be vibrationally excited (kBT < ~!v), which explains
the lower intensity of anti-Stokes scattering that is observed experimentally.84
✓
 ↵
 Q
◆
0
6= 0 (3.6)
The classical interpretation establishes that the transfer of energy between an incident photon
and a molecular vibration depends on the polarisability (↵) of the molecule’s electron cloud.
Furthermore, the selection rule for Raman scattering (Equation 3.6) means that only vibrational
modes that involve a change in the molecule’s polarisability at equilibrium are Raman-active.84
Compare this to the selection rule for infrared (IR) absorption spectroscopy, where only vibra-
tional modes that produce a change in inherent dipole moment are detectable. Generally the
two techniques are described as complementary, because there are some IR-active modes that
do not appear in Raman and some Raman-active modes that do not appear in IR absorption.
A relevant example is the C=C bond, which lacks a dipole moment and so is not IR-active,
but is strongly Raman active due to the di↵use, easily polarised electron cloud of the ⇡ orbital.
The e↵ect of a strongly Raman active vibrational mode j is expressed experimentally as a large
Raman-scattering cross-section,  , as illustrated in Equation 3.7.
IRS = I0 j⇢Adz (3.7)
where I0 is the incident intensity, IRS is the Raman-scattered intensity, ⇢ is the density of scatter-
ing molecules, A is the laser spot area and dz is the path length through the film. When applied
to conjugated molecules, the vibrational modes of the associated C-C and C=C bonds tend to
exhibit very large Raman scattering cross-sections even under non-resonant conditions. This
makes Raman spectroscopy a particularly e↵ective technique for studying the critical structural
parameters of active-layer materials for OPVs and other plastic electronic devices.68,86
Figure 3.2 demonstrates a representative Raman spectrum for the model semiconducting poly-
mer, P3HT. Raman peaks are observed around 800-1500 cm 1, and each corresponds to a vibra-
tional stretching mode of a particular atomic bond on the easily-polarised conjugated backbone.
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Figure 3.2: Raman spectrum for a thin film of regioregular P3HT measured under 785 nm
(non-resonant) excitation. Labels indicate assignment of Raman peaks to vibrational modes of
particular chemical bonds, illustrated by arrows the structure of P3HT.
The strongest peaks, at ⇠1450 cm 1 and ⇠1380 cm 1, have been assigned respectively to the
C=C and C-C symmetric in-plane stretching modes of the thiophene ring. Other peaks apparent
in the region 700-1300 cm 1 are assigned to vibrational modes of other bonds associated with
the conjugated backbone, including a C-S-C stretching mode at ⇠725 cm 1 that was beyond
the range measured under 785 nm excitation.
3.2 Resonant Raman Spectroscopy
Resonant Raman scattering occurs when the excitation wavelength falls within the absorption
band of the scattering molecule. Under resonant conditions, the Raman scattering cross-sections
of certain vibrational modes can be increased by several orders of magnitude,5 providing greater
sensitivity and the possibility of selectively probing particular materials or morphological phases.
The origin of the resonance e↵ect lies in the coupling of vibrational excitation to an electronic
transition, which occurs when the virtual state coincides with a real vibrational energy level of
the electronically excited state S1 (illustrated in Figure 2.3). The strength of the vibronic cou-
pling is determined by the Franck-Condon overlap between the initial vibrational wavefunction
i (S0, v0) and the final vibrational wavefunction j (i.e. S1, v2), and will depend on the change
in nuclear geometry induced by the electronic excitation. These vibrational wavefunctions are
demonstrated in Figure 3.3 as discrete energy levels (equivalent to the levels in Figure 2.3)
within the potential energy surfaces that represent the electronic ground and excited states.
These surfaces reflect how the potential energy of the molecule changes with nuclear geometry,
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Figure 3.3: a) Diagram illustrating the vibrational wavefunctions for ground and excited
electronic states, which form Morse potential energy surfaces, with the energy level transitions
involved in resonant Raman scattering depicted.
represented by the nuclear coordinate Q, with higher vibrational energy levels exploring larger
displacements in Q. Each state has an equilibrium geometry defined by its minimum energy,
and the change in geometry due to electronic excitation is  Q.
As Raman scattering must involve a change in vibrational energy level, typically from v0 to
v1, resonance enhancement requires a strong overlap between v0 and v1 vibrational wavefunc-
tions. This only occurs when there is a di↵erence in equilibrium geometry, i.e.  Q 6= 0. The
enhancement is exhibited as an increase in polarisability ↵, and therefore a much larger Ra-
man scattering cross-section. The overall enhancement of intensity can be several orders of
magnitude, with reported values typically falling between ⇥102 and ⇥106.5
It is important to note that resonance enhancement only applies to those vibrational modes
that feature a change in nuclear geometry that corresponds to the change induced by electronic
excitation ( Q).84 When applied to simple conjugated polymers like polyacetylene and P3HT,
 Q for the main ⇡-⇡* transition represents the change from a conjugated structure to a quinoidal
structure like that illustrated in Figure 3.4, and consequently resonance will selectively enhance
any vibrational modes that correspond to alternation of bond lengths along the backbone.68,87
In the case of P3HT, the main absorption band (shown in Figure 3.5a) is between ⇠400 and
⇠650 nm. Of the five excitation sources we used, 785 nm produces a non-resonant spectrum,
while higher energy excitations (633, 514, 488 and 457 nm) fall within the absorption band
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Figure 3.4: Change in structure associated with the ⇡-⇡* transitions for two simple conjugated
polymers: polyacetylene and P3HT.
300 400 500 600 700 800
0.0
0.2
0.4
0.6
0.8
1.0
N
or
m
al
is
ed
 A
bs
or
ba
nc
e
Wavelength (nm)
a)
45
7n
m
45
7n
m
48
8n
m
51
4n
m
63
3n
m
78
5n
m
1350 1400 1450 1500 1550
0.0
0.2
0.4
0.6
0.8
1.0b)
N
or
m
al
is
ed
 In
te
ns
ity
Raman Shift (cm-1)
 785nm
 514nm
 488nm
 457nm
Figure 3.5: a) Absorption spectrum of a regioregular P3HT thin film, with the 5 excitation
wavelengths labelled. b) The resonant and non-resonant Raman spectra of regioregular P3HT
measured under di↵erent excitation wavelengths.
and are strongly resonant with the ⇡-⇡* transition of P3HT. Figure 3.5b demonstrates that the
Raman spectrum of P3HT is distinctly di↵erent under resonant conditions, with the major C=C
and C-C peaks exhibiting variations in position, shape and relative intensity. As the excitation  
gets shorter, the C=C peak (1450 cm 1) is shifted to higher wavenumbers and becomes broader,
while the relative intensity of the C-C peak (1380 cm 1) is reduced. It has been shown that
the variation in Raman properties arises from selective excitation of particular chromophores
from within the population that make up the absorption band: shorter-wavelength excitation
is more strongly resonant with chromophores of shorter e↵ective conjugation length, due to
their larger optical band-gaps. The variations in Raman reflect a lower conformational order
for shorter chromophores; where the shorter e↵ective conjugation lengths reduces delocalisation
of the ⇡-electron wavefunction along the chain, increases ⇡-electron density on the C=C bonds
and shifts the C=C vibration to a higher frequency.68 Consequently, resonant Raman can be
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exploited to study conformational order in polymers like P3HT.68,70,88
For conjugated molecules and polymers that exhibit multiple absorption bands, resonant Raman
can provide valuable insight into the nature of the electronic transitions associated with each
band.89,90 One example of this is the donor-acceptor co-polymer DPPB-3Se, which exhibits a
low-energy charge-transfer-like transition at ⇠800 nm and a high-energy ⇡-⇡* transition at ⇠400
nm.89 Selective resonance with the CT transition reportedly increases the relative intensity of
just those modes associated with the DPP acceptor unit, demonstrating the localised nature of
electrons in the CT excited state; whereas the ⇡-⇡* changes modes on both the DPP acceptor
and the selenophene donor units, due to the greater delocalisation of electrons in the ⇡* excited
state.89 With increasing use of low band-gap donor-acceptor co-polymers in high e ciency
OPVs,65,79,91 resonant Raman spectroscopy may become an essential technique to probing their
structure-property relationships.
3.3 Surface-Enhanced Raman Spectroscopy
A further development of Raman spectroscopy is the exploitation of plasmonic e↵ects to amplify
scattering from molecules near metal surfaces and overcome the relative insensitivity of Raman.5
Raman intensity enhancement factors can be considerable under certain circumstances, with val-
ues of up to 1011 reported in the literature.92 As such, Surface-Enhanced Raman Spectroscopy
(SERS) is regularly employed to detect and characterise trace molecules at very low concen-
trations,5 and was first shown to achieve single-molecule detection in 1997.93,94 In this section,
we will consider the fundamental origins of the SERS e↵ect, to better understand the results
presented in Chapter 7, where SERS is used to selectively probe the interfacial properties of
organic thin films.
3.3.1 Surface Plasmons
In order to understand SERS, it is necessary to describe the surface plasmon resonance that
is the source of the enhancement e↵ect. Plasmonics is a highly active research field in its own
right, and a proper description of plasmon modes on metal surfaces could easily fill a thesis far
beyond the scope required for this work. Instead, we will focus on their relevance to SERS,
presenting a phenomenological explanation of how surface plasmons are generated and how they
a↵ect the Raman scattering process.
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Figure 3.6: a) Diagram illustrating the variation in charge density due to a surface plasmon
polariton at a metal/insulator interface. b) Exponential decay of the electric field enhancement
with increasing distance from the surface.2
Simply put, surface plasmons are oscillations of electron density across a metal surface, which
generate a very localised electric field (illustrated in Figure 3.6a). The free electrons of a metal
exist in its conduction band, forming a ‘plasma’ against the background of fixed positive ions
(the atoms) with overall neutrality at equilibrium. When exposed to the oscillating electric field
of an incident photon striking a planar metal surface, this free-electron plasma may be excited
out of its equilibrium distribution to form longitudinal waves of oscillating electron density (a
surface plasmon). These waves are coupled to the photon and propagate across the surface as
a single quasi-particle, the surface plasmon-polariton (SPP). The regular variation in charge
density across the surface, between partial positive and negative charges, creates an evanescent
electric field that decays exponentially with increasing distance from the surface (Figure 3.6b),
and is typically confined to within ⇠10 nm.5 It is this localised electric field that is responsible
for the enhancement of Raman scattering from molecules near the surface, as will be shown
later. A similar evanescent field also penetrates in the opposite direction, but decays much
faster with distance due to the di↵erent dielectric constants of the metal vs the dielectric.
For metallic structures smaller than the wavelength of incident light, such as nanoparticles, the
nature of the electromagnetic wave is completely modified by confinement, becoming a localised
surface plasmon-polariton (LSP). The oscillation can now be considered as a collective ‘sloshing’
of electron density across the nanoparticle in response to the incident photon’s electric field
(illustrated in Figure 3.7). This is a strongly dipolar mode, compared to the more multipolar
SPPs on a perfectly planar surface, and consequently LSPs generate a much stronger local
electric field.5 The radiative nature of electric dipoles also mean that LSPs can emit scattered
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Figure 3.7: Diagram illustrating localised surface plasmon resonance (LSPR) under an inci-
dent electric field, for metal nanoparticles with radius a⌧  .2
light, and so are observable by both increased absorption and scattering of light close to the
LSP’s resonant frequency, !LSP .
A proper description of the electric field generated by a dipole on a spherical nanoparticle can
be obtained using the electrostatic approximation, as when a ⌧   the incident electric field
can be treated as uniform across the particle.95,96 The field intensity produced by the induced
dipole (at the centre of the nanoparticle) is proportional to the nanoparticle’s polarisability ↵.
Polarisability is calculated according to Equation 3.8, where ✏i(!) is the frequency-dependent
dielectric function of the metal, ✏M is the dielectric constant of the surrounding medium, and a
is nanoparticle radius.95,96
↵ =
✏i(!)  ✏M
✏i(!) + 2✏M
a3 (3.8)
Equation 3.8 is only satisfied at frequencies where Re(✏i(!)) =  2✏M , which defines the localised
surface plasmon (LSPR) frequency, !LSP . Consequently, LSPR is very dependent on the di-
electric properties of both the metal and the surrounding medium, and measuring the change in
LSPR frequency is regularly used to detect changes in environment such as adsorption of highly
dilute analytes.2 The inclusion of an a3 term implies that the plasmons of larger nanoparticles
generate stronger electric fields, but this approximation does not account for the increasing
importance of non-radiative quadrupoles and octupoles in larger nanoparticles, which do not
contribute as much to the local field intensity.96,97 Generally, with increasing radius a there
is also a red-shift of the LSPR frequency and broadening of the resonance peak. The latter is
sometimes defined by a quality factor Q, where Q ⇡  LSP /  , the ratio of the resonance peak’s
wavelength ( LSP ) to its FWHM (  ).5,96
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Figure 3.8: The localised surface plasmon resonance can be observed as a peak in absorption
and reflectance measurements. The plasmonic material was a rough Ag layer ⇠ 6 nm thick,
evaporated onto Quartz and thermally annealed at 140 oC, which gives a strong resonance
around 470 nm.
Although several metals satisfy Equation 3.8, silver and gold are the most well-known examples
with LSPR frequencies in the visible spectrum (illustrated by optical spectra in Figure 3.8),
making them useful for optical applications of plasmonics. These two metals account for the
vast majority of plasmonic substrates used in SERS, due in part to their good chemical stability,
strong enhancement factors and the ease with which they form nanoparticles.5 Of the two, silver
tends to exhibit a stronger plasmon resonance at shorter wavelengths, as a result of a smaller
✏( ).
3.3.2 Surface Enhancement
Surface enhancement is often described as having two separate contributions: electromagnetic
enhancement due to the stronger local electric field near a metal surface, which accounts for the
majority of enhancement; and a weaker, rather more contentious chemical enhancement, due to
molecule-surface bonding and charge-transfer. For the sake of simplicity, we will consider only
the dominant electromagnetic enhancement contribution in this Section.
A key parameter of SERS is the enhancement factor, EF. There are many definitions of EF
when it is measured experimentally, but for now we will consider a simple example: a molecule
near enough to a metal surface to experience enhancement of a particular vibrational mode.
In this case, EF can be defined experimentally as the ratio of Raman scattering with surface
enhancement by LSPR (ISERS) to the intensity that would occur under normal, non-resonant
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Raman conditions (IRS). The origin of EF is often expressed in a very simplified form using
the |E|4-approximation, given in Equation 3.9.
EF =
ISERS
IRS
⇡ |Eloc(!0)|
4
|E0|4 (3.9)
In order to explain the |E|4-approximation, it must be first noted that the local electric field
intensity (Eloc) experienced by a molecule near a metal surface can be significantly greater than
the incident electric field (E0). As described earlier, this is due to the strongly localised electric
field generated by dipolar surface plasmons when under resonance, and so is very frequency-
dependent, but we assume that the excitation source is at the resonant frequency, that !0 =
!LSP . The local field enhancement factor experienced by the molecule is given by g in Equation
3.10.
g =
|Eloc|
|E0| (3.10)
Taking the classical interpretation for an incident electric field inducing a dipole moment on
a molecule during scattering (Equation 3.2), it’s obvious that the enhancement of the local
electric field must also enhance the molecular dipole moment P. As the intensity of radiation
emitted by a dipole is proportional to |P|2, the scattered intensity is enhanced by |g|2, as shown
in Equation 3.11. This e↵ectively reflects the coupling of the induced dipole to the localised
surface plasmon.
ISERS / |g|2E0 (3.11)
However, the presence of a nearby metal surface also a↵ects the radiation properties of the
induced dipole on the molecule.5 This can lead to quenching, but can also increase the radiated
intensity by orders of magnitude. Therefore the SERS intensity is modified again by a new
factor, the radiation enhancement factor. Because of di culties in estimating the value of this
factor, it is assumed to be equal to the value of g at the Stokes-shifted frequency of the emitted
radiation, !R. This value will be slightly di↵erent than that at the incident frequency, !0, and
is consequently termed g0.
ISERS / |gg0|2E0 (3.12)
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Experiment Typical EF
Planar Surface 10
Rough Surface 106
Nanoparticles 109
Dimer Gap 1010
+ Molecular Resonance 1012
Table 3.1: Typical but very approximate single-molecule enhancement factors that can be
achieved using di↵erent substrate geometries.5 Molecular resonance refers to resonance with
electronic excitation of the probe molecule (resonant Raman).
Thus, the total enhancement factor becomes |gg0|2, and from Equation 3.10 we get Equation
3.13. It is evident that when the scattered radiation has a Raman/Stokes shift of 0 cm 1
or very close to it (i.e. !R ⇡ !0), then g0 = g and the enhancement factor simplifies down
to |Eloc(!0)|4/|E0|4, bringing us back to the |E|4-approximation for EF expressed earlier in
Equation 3.9.
|gg0|2 = |Eloc(!0)|
2
|E0|2
|Eloc(!R)|2
|E0|2 (3.13)
The |E|4-approximation gives some indication of how relatively small increases in local electric
field intensity, of the magnitude ⇥10, can lead to large EFs of ⇠104. The actual electric
field experienced by any given molecule depends very strongly on its location, and the surface
geometry. The sensitivity of electric field to local geometry leads to ‘hot spots’ of particularly
high EF, such as at the corners of triangular structures, at the point of a metal-coated AFM
tip, or in the narrow gap between two nanoparticles.96 Reported values of ⇠1010 usually arise
from the latter, as shown in Table 3.1. Combining SERS with resonant Raman can increase
enhancement by a further ⇥102, and is sometimes referred to as Surface-Enhanced Resonant
Raman Spectroscopy (SERRS).5
A final but very important consideration is the relationship between EF and distance from the
metal surface, d. The plasmonic electric field decays exponentially with increasing d (shown in
Figure 3.9 for a nanoparticle of radius a), and only those molecules within a few nanometres of
the metal surface will experience meaningful EFs. As shown by the cumulative SERS intensity
in Figure 3.9, the first few monolayers (with thickness 0.5 nm) contribute significantly more to
the total intensity than subsequent monolayers, though even the most distant monolayer will
still scatter light as normal (because EF approaches unity rather than zero). Studies in the
literature using a spacer to physically separate the analyte molecule, which is typically present
as a single monolayer, from the metal surface have shown that there is no surface enhancement
at distances greater than ⇠10 nm.5
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Figure 3.9: Predicted EF decay and integrated SERS intensity with increasing distance d from
a nanoparticle with diameter a = 25 nm, approximated electrostatically using the inset equation
and normalised to d = 0. Integrated SERS intensity is estimated for cumulative monolayers
with an inter-layer distance of 0.5 nm, and is normalised to the intensity of the first layer.
Furthermore, the phenomenological treatment of SERS described here so far has ignored the
e↵ect of molecular orientation on the relative enhancement of di↵erent vibrational modes. In
practice, the observed pattern of SERS intensities can vary quite significantly for identical
molecules when adsorbed to a surface with di↵erent orientations.5 In some cases, new peaks
can appear due to the surface-induced change in Raman selection rules. The ‘surface selection
rules’ that determine the pattern of enhancement were first identified theoretically by Moskovits
et al., who recognised that enhancement depends on the symmetry of each vibrational mode’s
Raman tensor with respect to the surface, and that modes with a strong tensor component
perpendicular to the surface will be more enhanced than those with weak components.98,99 For
the C-C and C=C peaks of conjugated molecules, where the primary tensor components are
in-plane with respect to the ⇡-system, the greatest enhancement occurs when the molecule is
oriented perpendicular to the surface.99 The actual e↵ect on SERS intensities can be quite small
and easily obscured by other factors, except in unusual cases where the molecule exhibits several
Raman peaks with very di↵erent symmetries and adopts a very well-defined orientation on the
metal surface.
The spatial and chemical selectivity of SERS makes it an ideal technique for studying adsorbed
species, and raises the possibility of using SERS to probe those interfacial properties in organic
layers that have important implications for electronic applications.
Chapter 4
Experimental Methodology
The morphology of solution-processed organic films, particularly blends of two or more materi-
als, is critically dependent on processing conditions such as solution concentration, deposition
method and any post-deposition treatments used. For the di↵erent material systems investi-
gated in each chapter, processing was optimised to produce films with the appropriate properties.
Consequently, the exact concentrations of each solution, and the conditions under which sam-
ples were prepared, are described in the relevant chapter rather than being listed here. In this
chapter, general preparation methods universal to all samples will be discussed, as well as the
techniques used to characterise them.
4.1 Sample Preparation
A standard sample preparation, from substrate cleaning to film deposition, was done in a class 6
cleanroom to reduce contamination of the samples by airborne dust, other particles or impurities.
Any samples prepared in other laboratories are noted within the text.
4.1.1 Substrate Cleaning
The substrates used in this work were either fused silica quartz (Spectrosil 2000, UQG Ltd) or
glass coated with a >150 nm thick layer of indium tin oxide (Psiotec Ltd), both of which were
12 ⇥ 12 mm. All substrates were rinsed with acetone and then cleaned by ultrasonication: 20
minutes in acetone, then in propan-2-ol (IPA), followed by a further 10 minutes in each solvent.
The cleaned substrates were then dried by a nitrogen gun and baking at 150 oC for 30 minutes.
37
Chapter 4. Experimental Methodology 38
ITO-coated substrates were finally treated by ozone plasma-ashing at 80 W for 3 minutes prior
to deposition of any organic films, to ensure good wetting of the organic layer.
4.1.2 Solution Preparation
Solutions were prepared by weighing out the solid material using an electronic balance (mea-
surement error of ±1 mg) and dissolving it in the appropriate volume (measured out using an
adjustable micro-pipette, with an error of ±0.2-0.5 µL) of organic solvent required to achieve a
specific concentration in mg mL 1. All vials were cleaned with IPA and dried using a nitrogen
gun before use. A magnetic stirrer bar was added to each solution, the vials were capped and
sealed using parafilm, and the solutions were stirred for ⇠18 hours at 40 oC to ensure the solid
material was completely dissolved. If necessary, the solutions were stirred at higher tempera-
tures and filtered through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter into a clean
vial to remove any remaining undissolved material prior to deposition.
For sample sets that required the thickness of an organic film to be varied, a standard solution
was prepared with the concentration needed to produce the thickest film (i.e. 20 mg/mL for ⇠70
nm of P3HT), and weaker solutions were made by dilution of aliquots taken from the standard
solution. The intention was to avoid random measurement errors in concentration introduced
by weighing out very small (<5 mg) quantities of material for the weakest solutions, and instead
obtain a consistent, systematic error for all concentrations derived from the measurement error
of the standard solution. Volume errors introduced by repeated pipetting were negligible, <1%
for a 300 µL solution made from 150 µL of standard solution and 150 µL fresh solvent.
4.1.3 Film Deposition
All organic films were deposited by spin-coating under the standard conditions described below,
unless otherwise stated in the Experimental section of the relevant chapter.
Spin-coating: The typical spin-coating procedure involved dropping 30 µL of solution onto the
substrate, ensuring it was evenly spread across the substrate and then spinning the substrate
at a defined speed for 1-2 minutes to produce a dry solid film. Standard deposition conditions
were 4000 rpm for 90 seconds (for PEDOT:PSS) and 2000 rpm for 120 seconds (for other
organic materials) but these were varied if the desired film thickness was not obtained for a
given solution.
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Wire bar-coating: P3HT and P3ATe samples provided by Dr Franziska Fleischli (Materials De-
partment, Imperial College London) were made by bar-coating onto a cleaned glass microscope
slide. Solutions (5 mg/mL) were dropped onto the glass, and the droplet was spread along the
slide by a moving bar. The bar’s speed and the substrate temperature were varied to control
solvent evaporation time and film thickness.
4.1.4 Thermal Evaporation of Ag
For Surface-Enhanced Raman Spectroscopy, a thin layer of metal such as Ag or Au is essential
to generating the localised enhancement e↵ect. Ag was deposited by thermal evaporation of
a silver pellet (Sigma-Aldrich, ⇠99% purity) in an aluminium boat, at pressures of <1x10 6
mbar and a rate of ⇠0.15 A˚/sec, until the Ag layer was 7 nm thick (according to a quartz
crystal monitor). The Ag layer was evaporated onto batches of up to 16 samples at a time,
both bare substrates and spin-coated organic films, and a 6-pixel mask was used (each pixel is
4.5 mm2) so that each sample would have regions with Ag (for surface-enhanced Raman) and
regions without Ag (for normal Raman), as shown in Figure 4.1. Oxidation of the metal layer
(or any organic layers underneath) was minimised by using an evaporator situated in a nitrogen
glovebox system.
Figure 4.1: A photograph of four Q/Ag substrates, demonstrating the arrangement of silvered
pixels.
4.2 Film Characterisation
In order to control the morphology of organic thin films, we must be able to characterise their
morphology. A variety of spectroscopy and microscopy tools were used in the course of the work
presented here, in this Section the main techniques will be described.
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4.2.1 UV-Vis Spectroscopy
UV-Visible absorption spectra were obtained using a Shimadzu 2550 spectrophotometer, which
was set to measure direct transmittance (I/I0) and then converted into absorbance (A) later
using the Beer-Lambert Law (Equation 4.1).
A =  log10(T ) =  log10( I
I0
) (4.1)
A% = 100  Ttotal  Rtotal (4.2)
For the SERS study in Chapter 7, where indirect (scattered) transmittance and reflectance can
significantly a↵ect the light intensity incident on each layer of a sample, measurements were done
using a Shimadzu 2600 spectrophotometer with a BaSO4-coated integrating sphere attachment.
Total transmittance was measured by placing the sample at the incident beam entrance to the
integrating sphere and collecting any direct or scattered light that was transmitted through
the entire sample. Total reflectance was measured by inverting the incident/reference beams
and placing the sample at a window opposite to the incident beam entrance, at an angle of 8o
such that all light reflected by the sample is collected by the integrating sphere, while di↵use
(indirect) reflectance was measured and placing the sample in a second window at an angle
0o to the incident beam, such that any specular reflectance passes back out of the sphere and
is not collected. Total and di↵use reflectance measurements were calibrated using aluminium
mirror and BaSO4 references respectively, which are both assumed to be perfect reflectors.
Total transmittance (Ttot) and total reflectance (Rtot) were then subtracted from the incident
intensity according to Equation 4.2, to find absorptance (A%) and thus absorbance (in arbitrary
units). Quartz/Ag evaporated substrates were measured right-way-up, with the Ag top surface
facing the incident beam, and then upside-down, with the substrate facing the beam, in order to
establish the light intensity incident on either Ag or organic layers in both sample configurations.
4.2.2 Profilometry
Layer thicknesses were found by scratching the film using fine-pointed tweezers and measuring
the cross-section of the scratch using a profilometer stylus or AFM tip. At least 3 scratches
were made in di↵erent places and multiple measurements were taken from each to try and
obtain a representative average thickness for the whole film, with a typical error of ±5 nm. For
su ciently thick (>10 nm) films a Tencor Instruments AlphaStep profilometer was used, for <
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10 nm thick films the AlphaStep’s resolution of ±2.5 nm would result in a large relative error
and thus thicknesses were measured by AFM instead (with an estimated vertical resolution of
< 0.5 nm).
4.2.3 Atomic Force Microscopy
For studying the physical structures of organic thin films at scales smaller than the optical
di↵raction limit,   <250 nm, Atomic Force Microscopy (AFM) is a valuable tool with a lateral
resolution limited only by the diameter of the cantilever tip, ⇠5 nm, which is moved across the
surface using a piezoelectric XY-scanner with nanometre accuracy. In contact AFM, the tip is
pressed against the sample surface and any changes in height force the tip up or down, deflecting
the cantilever. This deflection is detected by monitored the angle of reflection for a laser bounced
o↵ the back of the cantilever onto the centre of a quadrant photodiode (illustrated in Figure
4.2). However, for soft samples like organic films, tip-sample contact can easily damage both the
tip and sample surface, reducing the reliability of the measurement. Instead, we use non-contact
AFM, where the cantilever is oscillated near its resonant frequency (100-300 kHz) and the tip
is held close enough to the surface to interact with it via an attractive electrostatic force. The
strength of this interaction is dependent on the tip-surface distance, and so any variations in
surface height lead to a change in the resonant frequency and oscillation amplitude. Changes
in surface height are measured through a lock-in amplifier feedback mechanism that adjusts the
tip-surface distance (via a piezoelectric Z-scanner) to maintain a defined frequency or amplitude,
such that Z-scanner height corresponds to the surface topography.
For the P3HT:PCBM study presented in Chapter 5, the AFM system used was an NT-MDT
Ntegra Spectra, using TiN tips (NT-MDT, quoted force constant of 4.5-15.1 N/m) and the
resulting scans were processed using the open-source Gwyddion software package. For the other
studies reported in this thesis, the AFM system used was a Park NX10, using Si tips (Nanosensor
PPP-NCHR, quoted force constant of 42 N/m) with scans processed using the dedicated XEI
software package.
4.2.4 Raman Spectroscopy
All Raman spectra reported this thesis were measured on a Renishaw InVia Raman microscope
with a 50⇥ objective in a back-scattering configuration (shown in Figure 4.3). An excitation
laser was focused onto the sample through the microscope objective, and any back-scattered
light was collected by the same optics. Unwanted Rayleigh scattering (approximately ⇠107⇥
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Figure 4.2: Diagram illustrating the operation of an AFM in non-contact mode.
more intense than Raman scattering) was removed using a wavelength-specific holograph notch
filter with a cut-o↵ of ⇠100 cm 1. The filtered light was then di↵racted using a grating and
detected using a CCD.
Raman spectroscopy was typically done under resonant conditions, meaning that the chosen
excitation wavelength was of similar or greater energy to the optical band-gap of the molecules
being studied. The excitation wavelengths used, with their respective maximum power outputs
given in brackets, were 457 nm (⇠1.6 mW), 488 nm (⇠9 mW) and 514 nm (⇠11 mW) lines
provided by an argon ion laser, 633 nm (⇠12.56 mW) from a HeNe laser, and 785 nm (⇠130mW)
from a diode laser. Prior to each measurement, the chosen excitation laser was focused onto the
top surface of the sample, producing a laser-spot diameter of ⇠1 µm, at 5% of the maximum
laser power to avoid accidentally over-exposing the sample or detector. To reduce laser-induced
photo-degradation of samples being exposed to resonant excitation during measurements, the
laser-spot was intentionally defocused to⇠10 µm and measurements were done under N2 purging
in a Linkam THMS600 hot-cold stage to remove O2 and H2O. The laser powers and acquisition
times used to obtain a good Raman signal from the film varied from sample to sample and
wavelength to wavelength, due to large di↵erences in the Raman scattering cross-sections and
optical densities of di↵erent materials and film thicknesses, and as such these conditions are
reported in the relevant chapters.
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Figure 4.3: Diagram illustrating the operation of the Raman microscope.
Spectral calibration was done with the dedicated WiRE software using a Si reference, which has
a well-defined Raman peak at 520 cm 1. Spectral resolution a↵orded by the instrument varied
between di↵erent excitation wavelengths, with values of ±0.6-1.8 cm 1.
4.2.5 Photoluminescence Spectroscopy
Photoluminescence (PL) spectra were measured using the Renishaw inVia Raman microscope
with a 50⇥ objective in a back-scattering configuration. The only excitation wavelength avail-
able for PL measurements was 514 nm and spectra were between Raman shifts of ⇠300 and
⇠8000 cm 1, equivalent to a wavelength range of 530-850 nm. To ensure that the measured
spectrum was not distorted by any variations in instrument sensitivity across the wavelength
range being probed, the relative instrument response function (rIRF ) was calculated using an
LS-1 Ocean Optics black-body (3100 K) light source with a known emission spectrum, which
was coupled to the objective using an optical fibre. The ratio between reported and recorded
spectra was taken as the rIRF and all recorded spectra were corrected accordingly.
4.2.6 In Situ Raman/PL Spectroscopy
With our equipment it was also possible to do in situ Raman and Photoluminescence spec-
troscopy, studying the variation of a sample’s Raman scattering and emission as it is heated
and cooled, or observing the stability of molecular structure or morphology under intentional
light exposure.
For temperature-dependent measurements, samples were placed on the digitally-controlled hot-
plate of a Linkam THMS600 hot-cold stage under N2 purging. Unless stated otherwise, samples
were heated and cooled in 10 oC steps at a controlled rate of 10 oC/min, and the laser-spot was
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refocused prior to every measurement to correct for any defocusing by thermal expansion of the
sample and/or stage. The temperature ranges used in these studies were between 20 and 350
oC, with the maximum temperature depending on whether we wanted to anneal or melt the
organic film.
For photo-stability measurements, a resonant excitation laser was used to both expose the film
to a particular dose of light (determined by laser power and exposure time) while obtaining
a Raman spectrum. Any evolution of a sample’s Raman spectrum with total exposure time
can indicate changes in molecular structure or morphology that provide information on the
photo-chemical processes occurring, such as photo-degradation or photo-dimerisation. As the
estimated intensity of the micron-scale laser spot is considerably higher (⇠5x105 W/m2 at 488
nm) than the conditions experienced by a typical solar cell (⇠1 sun of white light, or 1x103
W/m2), any photo-chemical changes are significantly accelerated and can be observed over
seconds or minutes rather than hours. This also necessitates the use of a sample chamber
and N2 purging to avoid accelerated degradation, unless photo-oxidation was the process under
investigation.
4.2.7 Surface-Enhanced Raman Spectroscopy
The selective probing of interfacial properties was achieved via surface enhancement of Raman
scattering from those molecules within a few nanometres of a metallic surface, as described in
Section 3.3. Raman and SERS measurements were obtained using the same samples, SERS
spectra were taken in regions of the sample containing the silver layer while Raman spectra
were taken from regions lacking silver. SERS measurements were done under the exact same
conditions as Raman measurements so that intensities could be compared, and the various
conditions (such as excitation wavelength, laser power and acquisition time) are presented in
Table 7.2. For greater reliability, Raman and SERS intensities were each averaged over at least
3 spectra taken in di↵erent locations on each sample.
For a detailed description of the methodology used to obtain and interpret SERS spectra of or-
ganic thin films, including the necessary intensity corrections required for quantitative analysis,
see Chapter 7.
4.2.8 Error Calculation
Wherever a numerical value has been determined through measurement or analysis of data,
there is an associated uncertainty in the estimation of that value. To find the magnitude of
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uncertainty, and so ensure that any observed trends could be distinguished from random or
systematic variations, error margins were calculated as follows.
• For intensity values, which were obtained by averaging multiple spectra in di↵erent loca-
tions, the standard deviation was used to find the error.
• For spectral positions, such as Raman shifts or wavelength, the instrumental precision was
used. For example, Raman under 488 nm excitation had a precision of ±0.71 cm 1.
• For film thickness values, which were averaged across multiple measurements in di↵erent
locations, the standard deviation was used unless it was smaller than the precision of the
instrument used (e.g. ±0.5 nm for AFM).
• For the deconvolution of Raman spectra to obtain molecular order or blend composi-
tion, errors were obtained from the uncertainty of the fitting coe cients according to the
software used (Origin 8.6).
• For the determination of transition temperatures by linear fitting of the trends before and
after the transition, the error was calculated from the propagation of uncertainty values
for all fitting coe cients used to find the transition point.
The standard rules for propagation of uncertainty were used where possible when processing
data mathematically. When that was impossible, a conservative estimate of the error was
obtained by taking the largest relative error of the initial values to be the relative error of the
final result.
4.3 Density Functional Theory Simulations
Molecular structures were simulated using a computational chemistry technique called Density
Functional Theory (DFT) in order to gain some insight into the electronic and conformational
properties of the small molecules and conjugated polymers that were used throughout this
thesis. Of particular importance is the assignment of a molecule’s predicted vibrational modes to
experimentally observed Raman peaks, which is essential to interpreting Raman spectra in terms
of structure-property relationships. Due to practical constraints on computation complexity and
time, conjugated polymers that would typically have hundreds of repeat units were shortened to
representative oligomers comprised of at most 8 repeat units. Long alkyl side-chains, commonly
used to increase the solubility of conjugated polymers, were not found to have any significant
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role in determining electronic properties or backbone conformation, and were reduced to methyl
groups to minimise computation time.
All simulations were done using the GAUSSIAN09 software package running on Imperial Col-
lege London’s High-Performance Computing service. For su cient accuracy without excessive
computation time, the B3LYP functional and 6-31G(d,p) basis set were used. For tellurophene
oligomers, this basis set was not suitable for tellurium (a period 5 element with 52 electrons)
and instead a mixed basis set was used: defining the use of 6-31G(d,p) for C and H atoms,
and LanL2DZ (with a Los Alamos double-zeta e↵ective core potential) for tellurium atoms.
Molecular structures were first optimised in the gas phase and then frequency analysis was done
to determine Raman-active vibrational modes and predict a theoretical Raman spectrum.
Theoretical Raman spectra outputted by GAUSSIAN09 were based on the calculated frequency
and Raman activity of each vibrational mode, where activity relates to the amplitude of the
vibration. The predicted frequencies had to be adjusted down by an empirical scaling factor
due to DFT’s systematic overestimation of bond energies and thus vibrational frequencies. For
the typical basis set used in this study, B3LYP 6-31G(d,p), the scaling factor was 0.9165.100
Although there was good agreement between experimental and theoretical Raman shifts (after
scaling), the relative peak intensities predicted by DFT were not always accurate. As the
theoretical modes of large molecules such as oligomers often involved the stretching/waggling
vibrations of many chemical bonds, experimentally observed Raman peaks were assigned to the
most dominate bonds (vibrating with the largest amplitude) involved in the vibrational mode.
See Appendix A for a more detailed description of the DFT method and results.
Chapter 5
Phase Separation and Molecular
Order in P3HT:PCBM Blends
The work reported in this Chapter is an amalgamation of multiple projects, and has been
arranged according to a logical order for greater clarity, rather than by the chronological order
in which the work was done. The investigation of blend weight ratio presented in Section 5.4
was done with the help of Masters student Saurav Limbu, and is being prepared for submission.
The work in Sections 5.5 and 5.6.1 was done with the supervision of Dr Wing Chung Tsoi, and
was published in the Journal of Material Chemistry C in 2013.70 The results shown in Sections
5.3.2 and 5.6.2 were part of a collaboration with Dr Franziska Fleischli, Dr Christoph Hellmann
and Prof. Natalie Stingelin from the Department of Materials, Imperial College London, and
was published in part in the Journal of Polymer Science B: Polymer Physics in 2015.3
5.1 Background
Due to the smaller band-gap and better packing of conjugated polymers with high molecular
order, a great deal of e↵ort is made to try and ensure that polymer chains are highly ordered
even when blended with other materials. However, this is often hampered by the fact that
many conjugated polymers are semi-crystalline, displaying a broad distribution of conformations
with both highly ordered (crystalline) domains and disordered (amorphous) domains present
within the same film (as illustrated in Figure 2.14a). When blended with a small molecule like
fullerene, there is typically a disruption of the polymer’s molecular order during co-deposition
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from solution, as the small molecule is rarely compatible with the crystalline lattice of the
polymer.
The active layer morphology is determined by several factors, the most fundamental being the
inherent properties of the materials, such as chemical structure and molecular weight. Low
regioregularity between repeat units along a polymer chain can cause steric hindrance between
units that forces the conjugated backbone to twist, reducing local molecular order and long-
range crystallinity, resulting in a shorter e↵ective conjugation length and lower charge mobility.69
Long polymer chains (with high molecular weight) are more easily entangled during deposition,
resulting in amorphous domains that hinder the formation of long-range crystallinity. The
impact of both these structural properties is studied in detail in Section 5.3.
The morphology of a solution-processed active layer is also sensitive to solubility of the materials
and the deposition conditions used. Changing the solvent or the deposition technique can result
in very di↵erent morphologies, and for each technique there are typically multiple parameters
that can be tuned to manipulate the resulting film thickness, phase separation and crystallinity.
A fundamental rule that influences the morphology obtained during deposition is the evaporation
rate of the solvent, which drives the precipitation of solid material out of the solution and
influences the degree of subsequent reorganisation while the film is still wet, the molecules are
still partially solvated and can move about. The use of lower boiling point solvents, higher
temperatures or faster deposition techniques, reduces the time that the polymer and fullerene
have to di↵use and reorganise before the morphology is quenched, and tends to result in less
phase-separated and more disordered morphologies. The use of post-deposition treatments such
as thermal or solvent-annealing can compensate for an unsatisfactory as-cast morphology by
temporarily increasing molecular mobility within the film (via heat or solvation respectively),
allowing the materials to reorganise into a more phase-separated structure with higher molecular
order and crystallinity. The subject of controlling morphology through processing conditions and
thermal annealing is a major focus of this thesis, and is discussed in greater detail throughout
Chapter 5.
5.2 Experimental
Sample preparation: For the various studies described in this Chapter, a number of di↵erent
batches of RR-P3HT and deposition techniques were employed to prepare thin films of both neat
P3HT and blends with PC60BM or PEO. Table 5.1 summarises how the films were prepared
for each section of this chapter, specifying the weight-average molecular weight (MW ) of the
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polymer, the solvent it was dissolved in and the deposition technique used. Regioregular RR-
P3HT was obtained from a number of sources: 31 kDa was purchased from Merck Chemicals
(dispersity D = 2.0, regioregularity RR = 94%), 37 kDa (RR = 98.5%) from Sigma-Aldrich;
20 kDa (RR = 90%) and 120 kDa (RR = 99%, D = 1.9) were synthesised by James Bannock
and John de Mello from the Department of Chemistry, Imperial College London, according
to published protocols.101 Regiorandom RRa-P3HT (MW = 87 kDa, RR = 50%) and PEO
(viscosity-average molecular weight MV = 900 kDa) were both purchased from Sigma-Aldrich,
and PC60BM from Solenne b.v. Neat solutions were prepared by dissolving the polymer in a
given solvent (see Table 5.1) at a concentration of 18 mg/mL (wire bar-coating) or 20 mg/mL
(spin-coating). For the P3HT:PCBM blends in Section 5.4, the two materials were dissolved
separately in chlorobenzene at concentrations of 20 mg/mL and then mixed according to the
desired weight ratio; for the P3HT:PEO blends in Section 5.6.2, the two materials were co-
dissolved in chloroform heated to 50 oC for several hours, with a P3HT:PEO weight ratio of 1:1
and a total concentration varying between 10 to 25 mg/mL. Films were deposited onto glass
substrates unless otherwise indicated, by either spin-coating or wire bar-coating (see Chapter 4
for detailed descriptions of each method). Bar-coating from chloroform required the apparatus
to be covered, to slow the evaporation of solvent, and deposition was done at room temperature.
Section Spin-coating Bar-coating Solvent Prepared by
5.3.1 37 CB J. Razzell Hollis
5.3.2 20, 31, 120 TCB F. Fleischli
5.4 37 CB J. Razzell Hollis
5.5.1 31 CB J. Razzell Hollis
5.5.2 31 CB J. Razzell Hollis
5.6.1 31 CB J. Razzell Hollis
5.6.2 20, 31, 120 CF F. Fleischli, C. Hellmann
Table 5.1: Summary of the deposition techniques and RR-P3HT weight-average molecular
weights (MW , expressed in kDa) used to prepare thin films in each section of this Chapter.
Each polymer was dissolved in either chlorobenzene (CB), trichlorobenzene (TCB) or chloroform
(CF).
Film Characterisation: UV-Visible absorption spectroscopy was done using a Shimadzu UV-
2550 spectrophotometer. Raman and PL measurements were both done using a Renishaw
inVia microscope. For resonant Raman, the excitation source was a 488 nm (Ar ion) laser;
spectra were obtained using a laser power of ⇠0.09 mW for optically thick films or ⇠0.9 mW for
optically thin films, with acquisition times of 12 seconds and 18 seconds respectively. For PL,
the excitation source was a 514 nm (Ar ion) laser; spectra were obtained using a laser power
of 5.5 µW and an acquisition time of 30 seconds. To reduce laser-induced photo-degradation of
the sample, the laser spot was defocused to ⇠10 µm and measurements were done in a sample
chamber under N2 purging. X-Ray di↵raction measurements were done using an X’Pert PRO
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PANalytical di↵ractometer, with specially prepared samples of thin films deposited on Si/SiO2
substrates. The source was a nickel-filtered Cu K1 beam, operating under a current of 40 mA
and an accelerating voltage of 40 kV. Intensity was measured against twice the scattering angle
(2✓), from 2 to 20o over a total acquisition time of 40 minutes.
5.3 P3HT Molecular Order
As described in Chapter 2, the molecular order of conjugated polymers like P3HT can have
a significant impact on their opto-electronic properties. To reiterate, in this thesis ‘molecular
order’ is used specifically in reference to the conformation of the polymer backbone, i.e. its
planarity, which determines the e↵ective conjugation length and how easily the polymer packs
with neighbouring chains to form large structures with good ⇡-⇡ stacking for e cient charge
transport. In this section we will consider how the molecular order of P3HT in thin films can
be studied spectroscopically, and how it is influenced by blending with the electron-accepting
fullerene PC60BM for OPV applications.
5.3.1 Behaviour of Regioregular and Regiorandom P3HT
Figure 5.1: Chemical structures for 4 repeat units of RR-P3HT (a) and RRa-P3HT (b), illus-
trating the di↵erence in side-chain positions when a head-to-head defect is introduced between
two repeat units.
In order to measure molecular order and relate morphology to device performance, we must un-
derstand the possible structures that a polymer such as P3HT can adopt in the solid state. The
simplest way to do this is to study the properties of two isomers of P3HT (depicted in Figure
5.1) that represent the two extremes of high and low molecular order. The regio-isomerism of
poly(3-alkylthiophene)s like P3HT arises from the asymmetry of the repeat unit: a single thio-
phene ring with an alkyl side-chain attached to the 3rd position to improve solubility for easier
processing. Each ring is linked to its neighbours at the 2nd and 5th positions, meaning that
any two repeat units can be linked in three possible ways to form three di↵erent regio-isomers:
head-to-head (2-2’), head-to-tail (2-5’) and tail-to-tail (5-5’).101 Head-to-tail coupling results in
a consistent orientation of the alkyl side-chains as shown in Figure 5.1a, which allows them to
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pack together neatly; whereas head-to-head or tail-to-tail coupling introduces steric hindrance
between di↵erently-oriented alkyl side-chains (Figure 5.1b), which forces the conjugated back-
bone to twist (changing the torsion angle of the inter-unit C-C bond). This leads to a defect
in planarity, reducing the e↵ective conjugation length along the backbone and inhibiting the
⇡-⇡ stacking of polymer chains in the solid state. Consequently, the polymer’s regioregularity
(the percentage of head-to-tail coupling) can have a marked influence on long-range structure,
optical band-gap and charge transport properties. By comparing regioregular (98.5% head-to-
tail coupling) and regiorandom (50% head-to-tail, 50% head-to-head) isomers of P3HT, referred
to as RR-P3HT and RRa-P3HT respectively, we can establish the key structural di↵erences
between the two extremes of high and low molecular order they represent.
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Figure 5.2: a) XRD di↵ractogram of RR- and RRa-P3HT thin films on Si/SiO2, obtained
using the Cu K↵ line (  = 0.1541 nm). b) Diagram of the unit cell of crystalline RR-P3HT,
with corresponding lattice vectors.
In terms of long-range structure, RR-P3HT is known to be semi-crystalline whereas RRa-P3HT
is amorphous.68,102 This is demonstrated by X-ray di↵raction (XRD) of their thin films, only
the regioregular polymer exhibited any measurable di↵raction pattern (see Figure 5.2a) as a
result of long-range structural order and crystallinity. For RR-P3HT, a strong (100) reflection
at 2✓ = 5.6o corresponds to a lamellar spacing of 15.8 A˚ (the a lattice parameter, illustrated in
Figure 5.2b), with higher order (200) and (300) reflections at 2✓ = 11.0o and 16.7o respectively.
The exclusive detection of lamellar (h00) reflections for RR-P3HT suggests that crystallites were
oriented edge-on with respect to the silicon substrate, which is a common orientation for RR-
P3HT.82,102,103 However, it is worth noting that we were not able to observe the perpendicular
(010) reflection, which is associated with the ⇡-⇡ stacking distance (the b lattice parameter in
Figure 5.2b), because it is usually detected at q ⇡ 1.7 A˚ 1 (a ⇡-⇡ distance of ⇠3.7 A˚).103 This
Chapter 5. P3HT:PCBM Blends 52
is equivalent to a scattering angle of 2✓ = 22.3o, beyond the range we recorded, and as such we
cannot comment on the relative intensities of the (100) and (010) reflections.
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Figure 5.3: a) Normalised absorption spectra and b) normalised resonant Raman spectra for
RR- and RRa-P3HT solutions (0.1 mg/mL in CF) and thin films. Raman excitation   was 488
nm.
The comparison in Figure 5.3a between RR-P3HT and RRa-P3HT thin films reveals the impact
of molecular order and disorder on optical properties: RR-P3HT exhibited a strong absorption
peak with a maximum ( max) at 516 nm and an onset at ⇠650 nm; whereas the absorption of
RRa-P3HT was blue-shifted to a  max of 440 nm with an onset at ⇠560 nm. The blue-shift
of absorption corresponds to an increase in optical band-gap, Eg, from ⇠1.9 eV for RR-P3HT
to ⇠2.2 eV for RRa-P3HT, and thus a shorter e↵ective conjugation length. This follows our
understanding that the delocalisation of the conjugated ⇡-system along the RRa-P3HT back-
bone is diminished by the greater torsion of the chain and the lack of long-range intermolecular
packing, which encourages a more planar conformation. The absorption of RR-P3HT also ex-
hibited weak shoulders at 550 and 600 nm, associated with the 0-1 and 0-0 vibronic transitions
respectively. The vibronic peaks are attributed to the Frank-Condon progression for a weakly-
interacting H-aggregate according to the Spano model, where inter-chain coupling between ⇡-⇡
stacked backbones suppresses the 0-0 optical transition.71–73 A longer e↵ective conjugation
length results in a more J-like aggregation, with greater intra-chain excitonic coupling and a
less forbidden 0-0 transition.71,72 P3HT is known to exhibit H- and J-like aggregate absorp-
tion/emission depending on its long-range organisation,73 and thus the 0-0/0-1 absorption ratio
is often reported as a measure of crystallinity.74 The dominance of higher-energy absorption,
at wavelengths shorter than that of the 0-1 transition, is a consequence of disordered polymer
chains with much shorter conjugation lengths, and large optical band-gaps, that exist within
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the neat RR-P3HT film due to its semi-crystallinity. When dissolved in chloroform at low con-
centrations (0.1 mg/mL), the advantageous packing of the RR-P3HT polymer is removed and
the two isomers exhibit similar, highly blue-shifted absorption spectra (given by dashed lines
in Figure 5.3a) with no apparent vibronic peaks from aggregation, indicating the existence of
exclusively short conjugation lengths with no long-range molecular order.
Finally, we examined how the two extremes of molecular order impact the resonant Raman
spectrum of P3HT. It has been previously established (see Chapter 3) that resonant Raman
spectroscopy is a powerful tool for probing the vibrational modes of molecules, providing in-
sight into their chemical structure and conformation. Under resonant excitation (  = 488 nm,
within the absorption band of both RR-P3HT and RRa-P3HT) the vibrational modes of the
conjugated backbone are known to become sensitive to its planarity.68 Figure 5.3c demonstrates
that there were a number of distinct di↵erences between the Raman spectra of RR-P3HT and
RRa-P3HT: the 1450 cm 1 peak (assigned to the C=C symmetric stretch mode) is shifted to
higher wavenumbers (1470 cm 1) while the relative intensity of the 1380 cm 1 peak (assigned to
the intra-ring C-C symmetric stretch mode) decreased from ⇠0.19 to zero. The shift of the C=C
mode to higher frequency is consistent with an increase in ⇡-electron density on the C=C bonds
of the thiophene ring, due to the reduction of ⇡-system delocalisation between repeat units with
increasing torsion of the conjugated backbone (i.e. lower molecular order), as indicated by DFT
simulations (see Appendix A).
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Figure 5.4: a) The resonant Raman spectrum of P3HT from a 1:1 blend with PCBM, de-
convoluted by fitting with RR-P3HT and RRa-P3HT reference spectra to obtain ‘ordered’ and
‘disordered’ fractions respectively. b) The predicted variation in Raman shift and FWHM for
the C=C peak with increasing disorder
It is worth noting that RR-P3HT and RRa-P3HT in the solid state do not represent perfectly
planar or completely twisted polymer chains, as both exhibit broad C=C peaks (FWHM of⇠34.4
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and 34.9 cm 1) with a great deal of overlap between them, indicative of broad distributions of
molecular conformations. The key di↵erence is thus the di↵erent proportions of more-planar
or more-twisted polymer that arises from their regioregularity, and can be related to their long
range structure (i.e. semi-crystalline vs amorphous). However, interpreting overall changes in
C=C peak shape limits us to a purely qualitative description of molecular order.
In order to understand how the degree of molecular order for RR-P3HT varies between films
cast under di↵erent conditions, or in blends with other materials, we must be able to estimate
the fraction of ordered phase in a quantitative way. Using the RR-P3HT and RRa-P3HT
spectra in Figure 5.3b as references for the ordered and disordered phases, any P3HT Raman
spectrum can be deconvoluted by fitting into ordered and disordered components (shown in
Figure 5.4a). It is then possible to calculate the relative degree of molecular order (i.e. the
fraction of ordered phase relative to that of a reference for maximum order) using Equation
5.1. The ordered reference was a thermally annealed RR-P3HT film, as it exhibited the highest
degree of molecular order observed in this study.
FRR =
IRR
IRR +
IRRa
 RRa/ RR
(5.1)
where FRR is the relative degree of molecular order, IRR and IRRa are the intensities of the
ordered and disordered components obtained by fitting, and  RRa/ RR is the Raman scattering
cross-section of RRa-P3HT relative to that of RR-P3HT, reported by Tsoi et al. to be 1.69.68
Calculating the degree of molecular order by fitting is preferable to reporting a single property
of the C=C peak (such as Raman shift or FWHM) as the figure of merit, because the sensitivity
of these properties to changes in overall molecular order is not linear. This is demonstrated
in Figure 5.4b, modelling the overall properties of the C=C peak with increasing regiorandom
contribution (increasing disorder) reveals that the C=C peak’s position changes little at high
or low molecular order, when the maximum is dominated by one of the contributions; and
conversely FWHM varies little at middling values, when the intensities of the two contributions
are roughly equal.
In conclusion, it is possible to thoroughly characterise the molecular order of P3HT between
two extremes, represented by regioregular and regiorandom polymers, using a combination of
spectroscopic techniques that probe the structuring of these molecules. For the rest of this
chapter, we will use resonant Raman spectroscopy and UV-Vis absorption spectroscopy to
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investigate the morphology of di↵erent P3HT neat films and blends to better understand the
relationship between processing conditions and molecular order.
5.3.2 Impact of Molecular Weight
Having established that the regioregularity of a P3HT polymer can have an impact on its molec-
ular order and morphology in the thin film, it’s important to consider other inherent structural
properties that may also influence the polymer’s morphology. It is well-established in classical
polymer science that a polymer’s molecular weight, which is directly proportional to its length,
has a significant e↵ect on its organisation in the solid state: the entanglement of long polymer
chains hinders their crystallization and leads to the semi-crystalline morphology characteristic
of polymers like P3HT, where a single chain may traverse multiple crystalline domains and
the amorphous matrix between them.104–106 Consequently it is important to consider the im-
pact that molecular weight has on the molecular order that we measure, and thus the overall
morphology, and in this section we will compare three polymers with low, medium and high
weight-averaged molecular weights (MW ): 20 kDa, 31 kDa and 120 kDa.
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Figure 5.5: Absorption spectra (a) and resonant Raman spectra (b) for RR-P3HT films of
di↵erent molecular weights, deposited by wire bar-coating from trichlorobenzene. Absorption
was normalised to the 0-1 transition at ⇠560 nm, Raman was normalised to the C=C peak at
⇠1450 cm 1.
Figure 5.5 depicts the variation in both absorption and Raman between thin films of P3HT
with low, medium and high molecular weights. All three polymers exhibited similar absorption
peaks with a strongly vibronic structure: reaching a  max around ⇠515 nm with low-energy
shoulders at ⇠560 nm (the 0-1 transition) and ⇠605 nm (the 0-0 transition). However, there was
a distinct blue-shift of  max with increasing molecular weight, from 522 nm (for 20 kDa) to 518
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nm (31 kDa) and then to 510 nm (120 kDa), indicative of a reduced e↵ective conjugation length
for the heavier polymer. This follows our understanding that above a certain threshold (Me),
the polymer becomes increasingly entangled during deposition, forming a larger proportion of
amorphous phase that restricts long-range molecular order to smaller domains with a shorter
e↵ective conjugation length.106 The reduction in overall crystallinity is evident in the change of
the vibronic pattern, the low molecular weight polymer has a strong 0-0 transition, suggesting a
high degree of crystallinity, which becomes significantly weaker as the molecular weight increases,
leading to a greater contribution from more disordered polymer chains at shorter wavelengths
(<550 nm).
The resonant Raman spectra tell a similar story: all three polymers have C=C peaks at ⇠1449
cm 1, indicative of a predominantly planar conformation and thus high molecular order as
expected for neat RR-P3HT, but there is a marked variation in the relative intensity from
the disordered high-wavenumber component at ⇠1470 cm 1. This leads to an increase in the
FWHM of the C=C peak from 28 cm 1 (for 20 kDa) to 31 cm 1 (31 kDa) and then to 33 cm 1
(120 kDa), with a corresponding decrease in the estimated degree of molecular order from 1.01
to 0.93 to 0.89. The increase in disorder between 20 and 31 kDa was markedly larger than
that between 31 kDa and 120 kDa, considering that it involved a relatively small increase in
MW (⇠11 kDa vs ⇠89 kDa). We believe that this is because the critical weight required for
entanglement (Me) lies somewhere around 30 kDa, above which disorder becomes less dependent
on chain length/molecular weight. We were not able to identify Me with any accuracy due to
the limited data-set used in this study, but a number of values for P3HT have been reported
between 10 and 50 kDa.105,106
Interestingly, despite the higher molecular order of the 20 kDa polymer over the more entangled
polymers of greater molecular weight, it has been reported that OPV devices based on P3HT
with a very low number-average molecular weight (MN ) of <10 kDa (approximately equivalent
to a MW of 12-15 kDa) exhibit poor charge carrier mobility.106,107 This has been attributed to
short chains being unable to traverse multiple crystalline domains, leading to a lack of intra-
molecular transport pathways essential for long-range interconnectivity. We can conclude that
the semi-crystalline nature of higher molecular weight (MW > Me, ⇠30 kDa) may be preferable
despite its lower overall molecular order.
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5.4 Blends with PC60BM
So far we have only considered the impact of P3HT’s inherent structural properties on thin
film morphology. However, in actual devices the active layer will be a blend of P3HT with an
electron-accepting material such as PCBM. Thus, in order to understand devices we must also
consider the impact of blending on P3HT’s molecular order and the overall blend morphology,
and in turn interpret how these will a↵ect performance in a solar cell. To this end, we prepared
P3HT:PCBM blend films with a broad range of compositions between 0 and 70 %wt PCBM, to
investigate the impact of blending di↵erent concentrations of fullerene into the P3HT matrix.
5.4.1 As-cast Blends
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Figure 5.6: a) Absorption spectra for blend films with 0-70 %wt PCBM, normalised to the
P3HT peak at 460-520 nm. b) the corresponding  max of P3HT’s absorption.
Figure 5.6 shows the absorption spectra of the blends, where absorption at short wavelengths
(⇠340 nm) is due to PCBM. Increasing PCBM content resulted in a greater relative absorption
from the fullerene, and resulted in changes to the absorption peak from P3HT: the neat  max
of 516 nm was blue-shifted to 460 nm, indicating a shorter e↵ective conjugation length, with
a decrease in the relative intensity of the vibronic peak at ⇠605 nm due to reduced polymer
crystallinity. When the values of  max were plotted against PCBM content in Figure 5.6b, it
revealed that when P3HT was blended with up to 30 %wt PCBM, its absorption was almost
unchanged from that of the neat film (515 nm versus 516 nm respectively), but increasing PCBM
content beyond 30 %wt resulted in the characteristic blue-shift of the polymer absorption, to
488 nm for 50 %wt and 463 nm for 70 %wt. It appears that blending with low concentrations of
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PCBM (<30 %wt) has little impact on P3HT crystallinity nor its e↵ective conjugation length,
but that higher concentrations of PCBM have a deleterious e↵ect on both.
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Figure 5.7: a) Resonant Raman spectra for blend films with 0-70 %wt PCBM, normalised to
the P3HT C=C peak at 1450-1470 cm 1. b) Estimated degree of P3HT molecular order for
each film, according to fitting. Raman excitation   was 488 nm.
Raman spectra for same blend films (Figure 5.7b) revealed a large variation in C=C peak and
molecular order with PCBM content: there was a ⇠16 cm 1 shift in C=C peak position towards
higher frequency between neat P3HT (1451 cm 1) and the 70 %wt PCBM blend (1467 cm 1).
The neat P3HT film had a calculated relative degree of molecular order of 0.96 (less than 1.0
due to the film being as-cast, not annealed) compared to 0.17 for the 70 %wt blend, which was
dominated by disorder. As with absorption, low concentrations of PCBM proved to have little
impact on P3HT conformation compared to the neat film: blending with up to 25 %wt PCBM
resulted in a mere ⇠1.0 cm 1 up-shift of the C=C peak (to 1452 cm 1) and a small decrease in
the corresponding degree of order, from 0.96 to 0.88. Further loading of the blend with a higher
PCBM content caused the C=C peak to up-shift dramatically, from 1453 cm 1 (for 30 %wt
PCBM) to 1466 cm 1 (for 50 %wt), with a significant decrease in the degree of order from 0.82
to 0.43 respectively. This provides clear evidence of PCBM hindering the organisation of P3HT
that correlates with the change in e↵ective conjugation length observed by UV-Vis spectroscopy
(Figure 5.6).
The reduction of e↵ective conjugation length and increase in disorder that have been observed
for films above the critical composition of ⇠30 %wt PCBM indicate that this is the threshold be-
tween two morphologies (illustrated in Figure 5.8): below ⇠30 %wt, the fullerene is su ciently
dilute to dissolve in the P3HT matrix without hindering the formation of crystalline, ordered
P3HT domains during deposition (Figure 5.8b), but >30 %wt PCBM can only be accommo-
dated by reducing the crystalline fraction of P3HT in order to dissolve the additional fullerene
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Figure 5.8: schematic diagram of P3HT:PCBM blend morphologies with di↵erent composi-
tions. From left to right: a) the neat P3HT film, b) the dilute PCBM regime, c) the disordered
regime, d) the PCBM-rich regime. Polymer chains are depicted as red lines, PCBM molecules
as blue circles.
molecules (Figure 5.8c). This implies that PCBM must be selectively dissolved as individual
molecules in the amorphous matrix. However, based on Raman and UV-Vis observations alone
we cannot prove that the dilute PCBM molecules are dispersed within the amorphous domains,
rather than forming their own separate aggregates (Figure 5.8d). Raman peaks from PCBM
were not observed, even in the 70 %wt blend, due to their relative weakness and spectral overlap
with the significantly more intense Raman modes of P3HT.
In order to study the extent of mixing between P3HT and PCBM, we examined the impact that
the fullerene has on the polymer’s photoluminescence (PL) properties. Under resonant condi-
tions, electronic excitation leads to the formation of excitons that eventually decay radiatively,
producing a PL background often observed in resonant Raman measurements. By scanning
from 330 to 7800 cm 1 (equivalent to 522-865 nm, under 514 nm excitation), we intentionally
measured P3HT’s PL spectrum (see Figure 5.9a) using the Raman spectrometer. The emis-
sion from P3HT is distinctly vibronic, with a weak 0-0 transition (at ⇠650 nm) and a strong
0-1 transition (at ⇠725nm) that are typical of a predominantly H-aggregated material, where
the 0-0 transition is suppressed by inter-chain coupling.73 Introducing up to 20 %wt PCBM by
weight resulted in a blue-shift in P3HT emission of only ⇠4 nm (to a  max of 721 nm), indicating
only a small reduction in e↵ective conjugation length due to blending with low concentrations
of PCBM that agrees well with absorption measurements. Further PCBM loading up to 50
%wt resulted in a significant blue-shift of emission by ⇠86 nm (to 635 nm) with a significant
increase in the relative intensity of the shorter-wavelength 0-0 transition. At first this suggests
a more J-like aggregation (with greater intra-chain coupling and a longer e↵ective conjugation
length) but as there was no concurrent increase in the 0-0/0-1 ratio of absorption (see Figure
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5.6) it appears to be an emission-only e↵ect, rather than an actual change in the photo-physical
properties of aggregation.
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Figure 5.9: a) Absolute PL spectra for blend films with 0-70 %wt PCBM, b) integrated PL
intensity from P3HT plotted against PCBM content, relative to that of the neat film, c) PL
spectra normalised to the 0-1 transition at ⇠725 nm, d)  max of PL plotted against PCBM
content.
When P3HT is blended with PCBM, there is a significant decrease in the polymer’s PL intensity
(i.e. quenching) as excitons are dissociated across the donor/acceptor heterojunction to form
free charge carriers, rather than decaying radiatively to produce photoluminescence.66 The
exciton di↵usion length in organic semiconductors is reported to be on the order of ⇠10 nm,
and consequently only excitons generated within this distance of a PCBM molecule will be
able to di↵use to the heterojunction before decaying via emission.108 This distance dependence
allows us to use PL quenching to measure the degree of intermixing for P3HT:PCBM blend
films. Figures 5.9c and d demonstrate that blending with just 10 %wt PCBM reduced P3HT’s
PL intensity by ⇠79%, despite having no impact on the e↵ective conjugation length or the
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molecular order of P3HT (according to Raman, PL and absorption spectra). This leads us to
conclude that small amounts of PCBM can dissolve in the amorphous, disordered domains of
P3HT, where it has little impact on the polymer chain conformation, as shown in Figure 5.8b.
The possibility of the fullerene dissolving in the ordered P3HT domains without disrupting them
can be dismissed, as the intercalation of PCBM between a polymer’s alkyl side-chains to form
a bi-molecular crystal has been reported for other conjugated polymers but not for P3HT.109
Higher concentrations of PCBM resulted in further quenching of PL intensity, down to a mere
⇠0.45% for the 50 %wt PCBM blend, suggesting that nearly all excitons generated on the
polymer are undergoing dissociation rather than radiative decay. This corroborates our earlier
conclusion that when PCBM content exceeds the 25 %wt miscibility limit, a greater fraction
of the amorphous mixed phase is formed; exhibiting greater quenching, a significant reduction
in e↵ective conjugation length (according to  max of absorption and PL) and loss of molecular
order (according to Raman).
5.4.2 Thermal Annealing
Thermal annealing is a well-known method for restoring a longer e↵ective conjugation length
in P3HT and other polymers; crystallinity and high molecular order in blend systems, and is
commonly understood to be a result of induced phase separation (a spinodal decomposition of
the disordered mixed phase into purer, separate phases) towards a thermodynamic equilibrium
morphology. Therefore we expect to see a ‘standardisation’ of P3HT properties upon thermal
annealing, regardless of PCBM content.
After annealing at 150 oC, films of 0-50 %wt PCBM exhibited similar absorption, Raman and
PL spectra (see ESI). Figures 5.6 and 5.9 demonstrate that these annealed films had  max values
of 513 nm and 729 nm for absorption and PL respectively, indicative of restoring an e↵ective
conjugation length comparable to that of the neat polymer. In terms of Raman, we observed a
consistent C=C peak position of 1450 cm 1 (varying by ± 0.3 cm 1) and FWHM of 33.6 cm 1
(± 0.6 cm 1), resulting in the maximum possible degree of molecular order: ⇠1.0 (± 0.014, see
Figure 5.7c). We consider that the thermodynamic equilibrium morphology is one comparable to
the neat polymer. When blends with ‘dilute’ PCBM (<25 %wt) were annealed, the improvement
in conjugation length and molecular order was comparable to that observed for the neat polymer,
suggesting no real di↵erence in their reorganisation despite the presence of some PCBM. This
was corroborated by a small increase in PL intensity (an average of 0.7% ± 1.1%, see Figure
5.9d), which demonstrates that little to no change in phase separation was involved. For films
with greater PCBM loading (>25 %wt), there was a significant improvement in the P3HT’s
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e↵ective conjugation length (see Figures 5.6 and 5.9) and molecular order (Figure 5.7) due to the
as-cast films possessing a more disordered structure further from the equilibrium. Furthermore,
Figure 5.9 demonstrates that PL intensity had increased significantly after annealing (by 5.6
to 17.3%), suggestive of a large reduction in exciton quenching as a result of greater phase
separation.
Consequently, we propose that the ‘dilute’ blends are morphologically stable, having a similar
degree of molecular order to the neat polymer and a PCBM content below the miscibility
limit means that there is no thermodynamic pressure for PCBM to separate out from the
amorphous P3HT matrix. Thus, spinodal decomposition (phase separation) only occurs when
the concentration of PCBM exceeds the miscibility limit and the as-cast film has a significantly
higher proportion of disordered mixed phase (further from the thermodynamic equilibrium).
When heated, these disordered blends phase-separate until the proportion of mixed phase is
reduced back to the ‘standard’ for the polymer and P3HT molecular order is restored; in other
words the P3HT morphology evolves from that depicted in Figure 5.8c to that of Figure 5.8b,
with the excess fullerene forming its own neat phase.
Thermal annealing was notably less e↵ective at reducing disorder in the PCBM-rich (60 and
70 %wt) blends: although there was a red-shift in  max for both absorption and emission,
indicative of an increase in e↵ective conjugation length, they fell short of the ‘standard’ values
of 514 nm (absorption) and 729 nm (emission), as shown in Figures 5.6 and 5.9. Raman spectra
demonstrate that although the C=C peaks for the 60 and 70 %wt PCBM blends were both
down-shifted in frequency with respect to the as-cast films, a significant contribution from the
disordered component at high frequencies (⇠1475 cm 1) is still retained. Consequently the
relative degree of molecular order achieved by annealing was only 0.87 for 60 %wt PCBM, and
0.48 for 70%wt, rather than ⇠1.0 as with all the other blend films (see Figure 5.7c). With
a limited increase in PL intensity observed for both, we consider that the PCBM-rich blends
failed to achieve the equilibrium morphology, that the polymer was less able to phase-separate
from PCBM within the short annealing time (<5 min). This was later found to be a result of
kinetic hindrance limiting reorganisation, according to in situ observations.
5.4.3 In Situ Annealing
By heating and cooling the sample within the Raman microscope, it is possible to study the
evolution of both Raman and PL spectra with temperature, from the as-cast state to the an-
nealed state, and so gain an understanding of the critical temperatures associated with the
reorganisation and phase separation of the blend. When an as-cast film of P3HT:PCBM (1:1 by
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weight) was heated up to 150 oC in situ, the distinctive reorganisation of P3HT from disordered
conformational states towards more ordered states only occurs above a particular temperature,
which we associate with the glass transition temperature (Tg) of the blend. Below this tem-
perature, polymer chains lack the thermal energy necessary for collective motion and cannot
reorganise into more energetically stable, planar conformations.110
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Figure 5.10: Evolution of the normalised resonant Raman spectrum for a film of neat P3HT
(a) and of a 1:1 blend of P3HT:PCBM (b) during stepped heating to 150 oC, and after cooling
back to 30 oC. c) Relative degree of P3HT molecular order during heating, as calculated by
Raman fitting. Excitation   was 488 nm.
For neat P3HT, reported Tg values are typically 12-20 oC, suggesting there is a degree of mobility
for the neat polymer even at room temperature, but Tg is known to increase upon mixing with
a vitrifying agent like PCBM (which has a Tg of ⇠130 oC).111,112 Figure 5.10a demonstrated
that were was little change in the resonant Raman spectrum of P3HT for a 1:1 blend, when
heated from room temperature to 50 oC, resulting in only a small increase in the relative degree
of order from 0.49 to 0.53, as shown in Figure 5.10b. Further heating to 90 oC produced a
marked shift of the C=C peak to lower wavenumbers, increase in order up to 0.93, reaching a
maximum of ⇠1.0 by 120 oC. Fitting of the trends in Figure 5.10b above and below the onset
of this reorganisation allows us to estimate the blend’s Tg at 50 ± 7.8 oC, where the error is
derived from the uncertainty of the two linear fits. These observations were consistent with in
situ PL spectra, which showed a marked change in shape when heated above 50 oC (Figure
5.11a), namely a red-shift of the 0-1 transition and increase in overall intensity. According to
Figure 5.11b, between 50 and 80 oC there was a 6-fold increase in PL intensity (from ⇠0.8% to
⇠5.2%, relative to the intensity of a neat P3HT film), which we have attributed to an increased
phase separation of the dominant mixed phase into distinct P3HT- and PCBM-rich phases,
resulting in a smaller interfacial area between the two materials for exciton dissociation and
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emission quenching. The onset of phase separation was estimated from Figure 5.11b to be at
50 ± 9.2 oC, in good agreement with the observed onset of reorganisation according to Raman,
and we conclude that restoration of P3HT’s lost molecular order occurs simultaneously with
the decomposition of the as-cast blend into separate phases (within the time resolution of our
experiments). We also find that our value for Tg agrees reasonably well with reported values (40-
55 oC) for similar 1:1 P3HT:PCBM blends measured using other techniques such as ellipsometry
and MTDSC.111,112
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Figure 5.11: Evolution of the normalised PL spectrum for a film of neat P3HT (a) and of a
1:1 blend of P3HT:PCBM (b) during stepped heating to 150 oC, and after cooling back to 30
oC. c) Integrated PL intensity during heating, relative to that of a neat film at 30 oC. Excitation
  was 514 nm.
Continued heating of the 1:1 blend film from the 120 to 150 C, the standard annealing tempera-
ture for P3HT:PCBM blends, provided no real improvement in P3HT molecular order (with the
relative degree of order remaining at ⇠1.0), but we observed a gradual increase in PL intensity
(saturating at ⇠6.4% by 140 oC). In fact, our profile of evolving PL intensity with temperature
in Figure 5.11b appears to be a good match for the in situ short-circuit current measurements
done by Treat et al. for a device based on P3HT:PCBM (1:1 by weight).113 Despite our obser-
vation that exciton quenching across the P3HT/PCBM interface is reduced by increasing phase
separation above ⇠50 oC, Treat et al. observed a significant increase in photo-current at the
same temperature and attributed it to an increase in the number of neat P3HT and PCBM
crystallites within the blend, which provide more e cient charge transport pathways. This
agrees with our understanding that thermal annealing serves not just to improve P3HT molec-
ular order but also encourages the formation of an interpenetrating network of purer domains
essential to good and balanced charge transport.
Chapter 5. P3HT:PCBM Blends 65
However, as the length scale of spinodal decomposition is determined entirely by molecular di↵u-
sion, higher temperatures can result in excessive phase separation, where P3HT- and PCBM-rich
domains become much larger than the exciton di↵usion length (5-11 nm)108 and thus charge
generation is significantly reduced. While we did not observe the formation of micron-scale
PCBM aggregates during annealing, this is likely a result of a relatively short anneal time (<5
min spent at 150 oC), as prolonged annealing (⇠30 min) typically results in the appearance of
large aggregates as the PCBM-rich phase coalesces into larger and larger domains.114 Interest-
ingly, as we have observed that the 1:1 blend is only morphologically stable below its Tg of 50
oC. At higher temperatures, molecular di↵usion results in a gradual growth of domain size and
loss of charge generation over time, a form of morphological instability that limits the work-
ing lifetime of OPV devices that can be expected to operate at elevated temperatures under
constant illumination.102
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Figure 5.12: For as-cast P3HT:PCBM blend films of di↵erent %wt PCBM, the evolution of
relative molecular order (a) and integrated PL intensity (b) during stepped heating to 150 oC
and after cooling back to 30 oC. PL intensities are normalised to the maximum value achieved
during heating for each film. c) The estimated glass transition temperature, Tg, according to
both Raman and PL measurements for films with di↵erent %wt PCBM.
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When blend films with di↵erent compositions were subjected to the same in situ annealing
process, we observed that most underwent the characteristic increase in degree of molecular
order and PL intensity during heating (Figure 5.12) that we have associated respectively with
P3HT reorganisation and phase separation of the blend. However we found that blends of <20
%wt PCBM, which started with a relatively high degree of molecular order (⇠0.94), exhibited
a gradual and monotonic increase in both molecular order and PL intensity between 30 and
150 oC, more like neat P3HT than the 1:1 blend. The lack of a definable onset temperature
for either reorganisation or phase separation meant that it was not possible to reliably estimate
Tg for these films. We conclude that these dilute blends are indeed morphologically stable,
exhibiting behaviour during heating similar to that of the neat P3HT film, by virtue of having a
PCBM content below the miscibility limit and a near-equilibrium as-cast morphology, and thus
are incapable of forming the PCBM domain network required for e cient electron transport.
For blends in the disordered regime (more than ⇠20 %wt PCBM), we can observe the distinctive
reorganisation from disorder towards higher order during heating (see Figure 5.12a). Based on
the onset temperature of this reorganisation, and for the increase in PL intensity (Figure 5.12b),
we were able to estimate two Tg values for each blend (plotted in Figure 5.12c). There was a good
correlation between the two measurements, although the onset of phase separation (according
to PL) occurred at slightly lower temperatures than the onset of reorganisation (according to
Raman) for most films, the di↵erence is well within the margin of error. Unexpectedly, we did not
observe an obvious threshold in Tg at ⇠25 %wt PCBM, which we earlier identified as the critical
concentration for disrupting P3HT order and increasing the fraction of amorphous phase, instead
these blends all exhibited fairly similar changes in molecular order and PL intensity during
heating, and we estimated Tg values between 40 and 55 oC for all blends between 20 and 50
%wt PCBM. The lack of a clear linear relationship between Tg and composition does not follow
what was reported by Pearson and Zhao et al. using other techniques such as ellipsometry and
DSC.111,112 Our understanding is that, unlike those methods (which probe average properties of
the bulk blend), under resonant conditions we measure phase changes occurring mostly within
the amorphous mixed phase: its spinodal decomposition (PL) and reorganisation (Raman); and
as such we believe that our resonant techniques are powerful for specifically probing the local
properties of the amorphous mixed phase within the blend, rather than the average properties
of the whole film.
We propose that the mixed phase has a similar composition (and similar properties) across the
20-50 %wt range of composition, as determined by the miscibility limit of PCBM in the amor-
phous, disordered phase of P3HT, and that the only variation is the proportion of amorphous
phase in the entire blend (illustrated in Figure 5.8c). Therefore, while the average Tg of the
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entire blend (as measured by ellipsometry or DSC) will change with the proportion of mixed
phase and overall composition, the local Tg of the amorphous phase we measure does not. A
notable deviation was observed for PCBM-rich blends, which only exhibited an improvement
in molecular order and PL intensity at relatively high temperatures (shown in Figure 5.12).
Consequently, the estimated Tg values for these blends were markedly higher: 80 and 110 oC for
60 and 70 %wt PCBM respectively. This suggests that P3HT in the PCBM-rich blends is not
only highly disordered but also kinetically hindered, such that the collective motion of polymer
chains is not possible at the same temperatures as it was in the amorphous mixed phase of the
more dilute blends. This kinetic hindrance presumably prevents the as-cast blend from phase
separating at room temperature, despite the high concentration of PCBM within the film. The
reduced improvement in molecular order and e↵ective conjugation length obtained for these
PCBM-rich films after a standard thermal annealing cycle is likely a result of the higher Tg,
which reduce the amount of time these films spend at temperatures su cient to enable phase
separation and reorganisation.
5.5 Vertical Phase Separation
As described in Section 2.3, the phase separation of polymer:fullerene blend films during de-
position or subsequent thermal annealing may result in a vertical composition gradient with
consequences for charge extraction towards the two electrodes above and below the active layer.
The formation of ultra-thin capping or wetting layers (at the film’s top and bottom interfaces
respectively) may act as barriers to e cient charge extraction if they are rich in the wrong mate-
rial, i.e. electron-transporting PCBM at the bottom, anode interface. Therefore it is important
to understand in which direction, if any, 1:1 blends of P3HT:PCBM are separating vertically.
5.5.1 Film Thickness
Because the thin films used in OPVs (100-200 nm) are much thinner than the axial resolution
of most optical spectroscopy techniques (⇠ µm), including Raman, it’s not possible to directly
probe the composition of the film from top to bottom. Consequently, the Raman spectrum
we observe is an average for the whole film, and any scattering from molecules within ultra-
thin interfacial layers is dominated by scattering from the bulk of the film. By depositing
ultra-thin (<10 nm thick) films of P3HT:PCBM, we intend to reduce Raman scattering from
bulk morphology and instead focus on the morphology at the substrate/blend and blend/air
interfaces.
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Figure 5.13: a) Normalised resonant Raman spectra for thick (⇠120 nm) and ultra-thin (<10
nm) films of P3HT:PCBM on ITO/PEDOT:PSS, before and after thermal annealing at 150 oC.
Raman excitation   was 488 nm. b) Illustration of the di↵erence between thick and ultra-thin
films in terms of morphology and molecular order.
When the as-cast Raman spectra for thick (⇠120 nm) and ultra-thin (<10 nm) blends were
compared, we found that the ultra-thin films exhibited a noticeably wider C=C peak, with a
FWHM ⇠3 cm 1 greater than that for the blend film. This increase was due to higher intensity
from the ordered component at lower wavenumbers, ⇠1445 cm 1, leading to an estimated
relative degree of molecular order of 0.53 for the ultra-thin film, vs 0.48 for the thick film.
This indicates that interfacial P3HT is more ordered than in the bulk, and suggests P3HT and
PCBM may be more phase-separated at the interfaces than it is in the bulk of the film.
After thermal annealing, the C=C peaks of both thick and ultra-thin films were both shifted
to lower wavenumbers: from 1458 to 1449 cm 1 and from 1457 to 1450 cm 1 respectively. The
ultra-thin film’s C=C peak was ⇠8 cm 1 broader after annealing, but this was due to greater
intensity from the disordered component at higher wavenumbers (⇠1470 cm 1). This led to a
lower degree of molecular order, 0.81 vs 0.90, suggesting that the interfacial morphology was
less ordered than the bulk after annealing. It appears that a significant fraction of the disor-
dered polymer in the interfacial layers is retained despite annealing, and we propose that these
observations can best be explained by describing the ultra-thin film as a vertically-separated
pseudo-bilayer, with a P3HT-rich interfacial layer and a corresponding PCBM-rich interfacial
layer (illustrated in Figure 2.15b). Due to their local compositions, the two layers contain poly-
mer chains with di↵erent properties: the P3HT-rich layer is less disrupted by PCBM, and is
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responsible for the higher degree of molecular order; while the PCBM-rich layer contains some
very disordered polymer chains, which are not easily reorganised during annealing.
The two interfacial layers can be considered similar in their behaviour to P3HT- and PCBM-
rich thick films respectively, as described in the previous section of this Chapter. Whether these
interfacial layers will favour or hinder the e cient extraction of charges from the active layer
depends entirely on which material is concentrated at which interface. Based on as-cast and
annealed Raman spectra alone, it is not clear which direction phase-separation has occurred.
We then subjected thick (⇠120 nm) and ultra-thin (<10 nm) P3HT:PCBM films to in situ
thermal annealing, in order to infer the direction of vertical phase separation according to its
impact on molecular reorganisation. This arises from the confined nature of one interface (the
rough substrate), which will hinder reorganisation of any nearby polymer chains, whereas the
other interface (the top surface) is unconfined, and will ease their reorganisation.
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Figure 5.14: Evolution of C=C peak position (a) and the relative degree of molecular order
(b) during in situ heating to 150 oC, for thick (⇠120 nm) and ultra-thin (<10 nm) films of
P3HT:PCBM on ITO/PEDOT:PSS.
When the thick P3HT:PCBM film was heated in situ, we observed a rapid reorganisation of
P3HT towards higher molecular order once above ⇠50 oC (see Figure 5.14), which we attributed
to the glass transition temperature (Tg) of P3HT in the bulk. The reorganisation was complete
by 90 oC, having achieved a similar molecular order to that of neat P3HT. For the ultra-thin
P3HT:PCBM film, reorganisation began at a lower temperature, ⇠30 oC, and was more gradual,
completing by 110 oC. It appears that P3HT in the ultra-thin film, and by extension in the
two interfacial layers, has a lower Tg than the bulk, by ⇠20 oC. Roth et al. have previously
described a relationship between Tg and thickness for polymer thin films, as a consequence
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of higher molecular mobility at the unconfined air interface coupled with a weak polymer-
substrate interaction.110 We consider that the same explanation applies to polymer:fullerene
blend films, and that the lower Tg is evident of a P3HT-rich air interface where the polymer
is less confined and requires less thermal energy to become mobile and reorganise. The slower
improvement in order during heating, compared to a thick film, follows our understanding that
the corresponding PCBM-rich substrate interface contains some very disordered P3HT chains,
which require greater thermal energy to reorganise. The higher Tg can be considered a form
of vitrification by surrounding PCBM molecules, as was shown for PCBM-rich thick films in
Section 5.3.
The existence of a P3HT-rich air interface and PCBM-rich substrate interface (illustrated in
Fig. 5.13b) in the active layer will have important implications for charge extraction from
conventional device architectures, as the low concentration of hole-transporting P3HT at the
substrate (anode) interface will present a barrier to hole extraction, while the low concentration
of PCBM near the air (cathode) interface will hinder electron extraction.
5.5.2 Choice of Substrate
The interfacial layers we have observed are expected to represent the two extremes of a com-
position gradient from top to bottom of the entire thin film. The degree of this vertical phase
separation, driven by the di↵erence in surface energy between substrate and air interfaces, must
therefore be sensitive to the choice of substrate. In devices the active layer is typically deposited
onto the transparent electrode, ITO, or onto a charge-transporting/extracting interlayer such
as the polymer blend poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS).
However, thin films are sometimes deposited onto other substrates for spectroscopic or elec-
trical characterisation purposes, including quartz and silicon, and the di↵erent properties of
these alternative substrates may lead to di↵erent morphologies. To examine this possibility, we
probed the molecular order of ⇠120 nm thick P3HT:PCBM films spin-coated onto four di↵erent
substrates: plain ITO, ITO with a ⇠40 nm thick PEDOT:PSS interlayer (‘ITO/PEDOT:PSS’),
plain quartz (‘Q’), and quartz with an interlayer (‘Q/PEDOT:PSS’).
Figure 5.15 demonstrates that the four films deposited on di↵erent substrates all exhibited C=C
peaks that were broad (FWHM of ⇠40 cm 1) and at high wavenumbers (1458-1464 cm 1) after
deposition, resulting in estimated degrees of molecular order between 0.35 and 0.51. There was
a ⇠6 cm 1 variation in peak position, corresponding to the variation in molecular order, that
was not observed for films of neat P3HT on the same substrates. The most ordered as-cast film
was that on ITO (1458 cm 1, with a molecular order of 0.51), and the most disordered was on
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Figure 5.15: Normalised resonant Raman spectra (a) and estimated degrees of molecular order
(b) for as-cast and annealed P3HT:PCBM blend films deposited onto four di↵erent substrates.
Raman excitation   was 488nm.
Q/PEDOT:PSS (1464 cm 1, molecular order of 0.31). We propose that the greater molecular
order a↵orded by spin-coating on certain substrates (i.e. ITO) arises from increased vertical
phase separation, driven by a higher substrate surface energy, which leads to a less intimately
mixed blend film and thus reduced disruption of P3HT organisation by PCBM. The inclusion
of a PEDOT:PSS interlayer was found to increase disorder on both ITO and quartz substrates,
attributed to reduced vertical phase separation and greater intermixing of P3HT:PCBM as a
result of the lower surface energy of PEDOT:PSS, which agrees with observations reported by
Campoy-Quiles et al.77 Variations in lateral phase separation can be dismissed as the films
appeared identical under optical microscopy, and because all four substrates are considered to
be uniform in terms of surface energy.
Earlier we identified that a blend film on ITO/PEDOT:PSS forms a P3HT-rich air interface
and a corresponding PCBM-rich substrate interface, which agrees with the direction of vertical
phase separation predicted by their surface energies: P3HT, with a low surface energy of ⇠27
mJ m 2, is attracted to the low-energy air interface; while PCBM, with a high surface energy
of ⇠38 mJ m 2, is attracted to the high-energy substrate interface.114–116 Consequently, we
observe the highest molecular order (and thus the greatest degree of vertical phase separation)
on the highest-energy substrate, plasma-treated ITO, which has a reported surface energy of
⇠65 mJ m 2.115
After thermal annealing, the four blend films on di↵erent substrates all exhibited much higher
P3HT molecular order, with C=C peaks that were narrower (FWHM of ⇠28 cm 1) and at
lower wavenumbers (⇠1449 cm 1) shown in Figure 5.15. The variation between substrates was
Chapter 5. P3HT:PCBM Blends 72
reduced, as all four had estimated degrees of molecular order of 0.97 ± 0.02 after annealing. We
conclude that the annealed morphology was independent of substrate, and that annealing acts
to ‘standardise’ morphology towards a thermodynamically favourable morphology of significant
phase separation and high P3HT molecular order. Based on the similarity of annealed films,
we propose that the influence of substrate on vertical phase separation is a primarily kinetic
phenomenon, imposed during deposition from solution.
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Figure 5.16: Evolution of estimated molecular order during in situ heating to 150 oC for
P3HT:PCBM films deposited onto di↵erent substrates.
Figure 5.16a reveals that all four films underwent the expected reorganisation towards higher
molecular order during in situ heating to 150 oC. However, the onset temperature of this tran-
sition, which we have related to Tg, varied from 40 and 60 oC between substrates, as plotted in
Figure 5.16b. Tg appears to correlate to the initial degree of molecular order, and thus vertical
phase separation, with the most ordered film (on ITO) exhibiting the lowest Tg, and the highest
Tg for most disordered film (on Q/PEDOT:PSS). This agrees with our understanding that Tg
is strongly dependent on the degree of intermixing of P3HT and PCBM, as PCBM acts as a
vitrifying agent. Thus, a more phase-separated blend will contain purer P3HT domains, with a
local Tg closer to that of neat polymer (12-20 oC).111,112
In conclusion, it appears that the choice of substrate can have a marked e↵ect on vertical
phase separation and molecular order during deposition, but that thermal annealing leads to
a ‘standardised’ morphology. However, the choice of substrate is invariably determined by
device architecture and electronic requirements, such as energy level alignment or VOC , and
so it is unlikely that substrates will be changed for the sake of manipulating the active layer
morphology. Alternative methods, like thermal annealing, are required to optimise morphology
without changing the device architecture.
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5.6 Controlling Morphology
Beyond characterising the morphology of P3HT:PCBM films, it is industrially important to be
able to control that morphology and optimise it towards maximum device performance. The use
of post-deposition treatments, such as thermal or solvent annealing, is a well established method
for increasing the phase separation and improving the molecular order of polymer:fullerene blend
films. However, reliable thermal/solvent annealing requires careful control of environmental
conditions and is a costly, time-consuming process that is acceptable for lab-scale fabrication
but not very compatible with large-scale reel-to-reel manufacture of organic solar cells.117 It is
more e cient to manipulate the deposition of the blend film such that the as-cast morphology
is closer to the optimum for device performance.
In this section we will discuss the e↵ect of a number of methods that can be used to alter the as-
cast morphology of P3HT in neat films and blends, with the aim of improving phase-separation
and molecular order without the need for thermal/solvent annealing.
5.6.1 Solvent Additives
One method for increasing phase separation in as-cast films is to introduce a solvent additive,
such as 1,8-octanedithiol (ODT) or 1,8-diiodooctane (DIO) to the initial solution. It has been
reported that adding only a few percent by volume (%vol) of additive can improve the as-cast
performance of various polymer:fullerene blends, including P3HT:PCBM.117–119 The criteria
for a good solvent additive are that a) it has a higher boiling point than the primary solvent,
and b) that it preferentially dissolves one material more than the other. The higher boiling
point leads to slower evaporation, giving the depositing film more time to reorganise before it
dries; while selective solvation means that the two materials deposit at di↵erent rates.117 For
P3HT:PCBM blends, Chen et al. have demonstrated that the additive ODT has a beneficial
impact on as-cast device performance, with an optimum composition of 3 %vol ODT and 97
%vol chlorobenzene.119
When we examined films of 1:1 P3HT:PCBM deposited from solutions containing 0 to 9%vol
ODT, we found that the additive had a marked e↵ect on the absorption and resonant Raman
spectra of the blend (shown in Figure 5.17a). As ODT concentration was increased from 0 to
9 %vol, the absorption peak of P3HT exhibited a distinctive red-shift of  max from 486 nm to
523 nm, and an increase in the relative intensity of the 0-0 transition at ⇠605 nm, from 0.28
to 0.72 (plotted in Figure 5.17d), indicative of longer e↵ective conjugation lengths and greater
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Figure 5.17: For 1:1 blends of P3HT:PCBM deposited from solutions with di↵erent concen-
trations of ODT, normalised absorption spectra (a), normalised resonant Raman spectra under
488 nm excitation (b), the estimated degree of molecular order according to Raman (c), the
 max of absorption and relative intensity of the 0-0 transition (d).
aggregation. Even adding just 1 %vol ODT to the solution resulted in a ⇠31 nm red-shift of
 max, suggesting a significant change in as-cast morphology.
The C=C peak of P3HT was also shifted to lower wavenumbers and became narrower with
increasing ODT concentration (Figure 5.17b), indicative of improved molecular order. From 0
%vol to 9 %vol ODT, the C=C peak was shifted by ⇠10 cm 1 from 1458 to 1448 cm 1, with
a corresponding increase in the estimated degree of molecular order, from 0.51 to 1.01 (plotted
in Figure 5.17c). This follows our understanding that with the higher crystallinity observed via
absorption, and we conclude that ODT-treated films exhibit a more phase-separated morphology
with purer, more ordered P3HT-rich domains. Even adding just 1 %vol ODT significantly
improved both crystallinity and molecular order, with a  max red-shifted by ⇠31 nm to 517
nm, and a molecular order of 0.94, indicating a well-separated morphology despite the low
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concentration of solvent additive. No Raman peaks from the additive were observed between
500 and 1800 cm 1, as scattering from non-resonant ODT is expected to be negligible compared
to resonant scattering from P3HT.
We found that the improvement in both short-range molecular order (Raman) and long-range
crystallinity (absorption) saturated at an ODT concentration of 3 %vol, with a molecular order
of 0.99 and a  max of 523 nm (Figure 5.17c,d); higher concentrations (9 %vol) had no further
impact on Raman and only a slight e↵ect on the 0-0 transition of P3HT absorption. The
improvement in molecular order and crystallinity we have observed corresponds to the reported
increase in photo-current for ODT-treated films, which we attribute to better charge transport
through larger, more ordered P3HT domains. Interestingly, the saturation point at 3 %vol
correlates well with the optimum concentration of ODT reported in the literature, above which
photo-current started to decrease again.119
Figure 5.18 demonstrates that ODT had a significant e↵ect on the surface morphology of the
deposited thin films: the pristine blend had a surface roughness of 1.3 nm but films treated
with 1-9 %vol ODT exhibited much larger structures and higher surface roughnesses of 4-20 nm.
The increase in surface roughness is qualitatively related to larger domain size and thus greater
phase separation, and we found there was an approximately linear relationship between surface
roughness and ODT concentration (Figure 5.18g). With 3 %vol ODT, the deposited blend had
a surface roughness of 10.6 nm, greatly exceeding that of an annealed ODT-free film (2.5 nm),
which suggests a much larger degree of phase separation was achieved through use of the additive.
This phase separation was observable to optical microscopy in both the 3 %vol and 9 %vol ODT
blend films (Figure 5.18e,f) but there were no visible micrometre-sized PCBM aggregates, which
form through long-range PCBM di↵usion during thermal annealing.40,77 However, such excessive
phase separation is still considered undesirable as domains much larger than the exciton di↵usion
length (⇠12 nm) will limit exciton dissociation and thus reduce photo-current.
We conclude that the optimum 3 %vol concentration can be explained as the minimum required
to induce a morphology that maximises P3HT molecular order and e↵ective conjugation length
with the smallest degree of phase separation. The comparable improvement in molecular order
obtained by using ODT and through thermal annealing reinforces the claim that solvent-based
manipulation of as-cast morphology can be employed in future to improve device performance
without the need for costly or time-consuming post-deposition treatments. Furthermore, the
influence of the additive on phase separation during deposition, based on boiling point and di↵er-
ential solubility, means that it can be used for other polymer:fullerene blend systems that su↵er
from a non-ideal degree of intermixing and low molecular order when blended with fullerene.
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Figure 5.18: AFM images (a,b,c) and optical micrographs (d,e,f) of P3HT:PCBM blend films
deposited from solutions with 0 %vol (a,d), 3 %vol (b,e), and 9 %vol ODT (c,f). AFM vertical
scales are given in nm. g) AFM surface roughnesses plotted against ODT concentration.
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5.6.2 PEO and J-aggregation
Another method for manipulating the organisation and opto-electronic properties of a conju-
gated polymer such as P3HT is to mix it with an insulating polymer like polyethylene oxide
(PEO, also known as PEG), high-density polyethylene (HDPE) or polystyrene (PS). Blending
is a common technique for improving the processability of a polymer film, or its mechanical
properties, or simply to reduce the cost of fabrication, but the insulating nature of these poly-
mers would be expected to have a negative impact on the active layer’s electronic properties.
However, recent studies have shown that immiscible semiconductor:insulator blends can actu-
ally retain good charge transport properties, through the formation of a highly phase-separated
morphology with a percolating network of semiconducting material,120–123 even when the blend
contains only 5 %wt semiconductor.124
The use of semiconductor:insulator blends for electronic applications has primarily focused on
Field E↵ect Transistors (FETs), where the only morphological requirement is that the active
layer must provide good charge transport between source and drain electrodes.120 It’s worth
noting that ternary blends of donor, acceptor and insulating materials have had limited success
in OPVs,121 due to di culty integrating the insulator component into the complex relationships
between morphology and OPV performance that have been described in Section 2.2. In this
section, we focus on the reported behaviour of P3HT:PEO blends, where the incompatability
of P3HT and the polar polymer PEO a↵ects P3HT aggregation, leading to markedly di↵erent
absorption/emission properties that may be of interest to OPV and OLED applications.122,125
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Figure 5.19: Normalised Absorption (a) and normalised Raman spectra for neat P3HT and
blended P3HT:PEO (1:1 by weight) films, bar-coated from CF at room temperature. Absorption
was normalised to the 0-1 transition at 550 nm.
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Figure 5.19 demonstrates that when P3HT is blended with PEO at a weight ratio of 1:1, there is
no loss of P3HT’s molecular order or blue-shifting of its absorption. This is the first indication
that the two components are not well-mixed, as has been observed for P3HT:PCBM blends,
but are extremely phase-separated into e↵ectively pure domains with e↵ectively no disruption
of P3HT organisation. In fact, the blend exhibits a red-shifted P3HT absorption peak, with
a  max at 550 nm vs 521 nm for neat P3HT bar-coated under the same conditions. This red-
shift is the result of a stronger 0-0 transition at ⇠605 nm, with a 0-0/0-1 absorption ratio
of 0.82 for the blend, vs 0.67 for neat P3HT. This photo-physical change can be understood
as an e↵ect of a longer e↵ective conjugation length and a more J-like aggregation, dominated
by intra-chain coupling.71–73 Due to the highly aggregated nature of P3HT in both the neat
film and blend, there was not much di↵erence in backbone conformation, according to their
resonant Raman spectra (Figure 5.19b). The blend did exhibit a slightly lower intensity from
the disordered component at ⇠1470 cm 1, but the resulting increase in the estimated degree of
molecular order was marginal, from 0.90 to 0.92 (±0.01). It appears that despite the marked
change in photo-physical behaviour of P3HT between H-like and J-like aggregation states, there
is not much of a di↵erence between their backbone conformations (as both aggregate states
have relatively high molecular order). The 1:1 P3HT:PEO blend ratio was found to produce
the strongest 0-0 transition and the greatest increase in molecular order, compared to 3:1 and
1:3 blends.
In order to better understand how PEO is a↵ecting the organisation and optical properties
of P3HT, the phase separation of the blend was studied in situ during deposition via optical
microscopy. To this end, Christoph Hellmann trapped the casting solution (1:1 P3HT:PEO by
weight, in chloroform) inside a cavity between two microscope slides, with solvent evaporation
allowed to occur through one edge of the cavity only.3 The small area of the solvent/air interface
in this geometry hinders solvent evaporation, slowing the deposition of material enough to permit
in situ monitoring of the phase separation process. Figure 5.20b demonstrates an exemplary
optical micrograph of the blend evolving from a homogenous solution (left side) to a phase-
separated solution (middle) and finally a phase-separated dry film (right side).
Figure 5.20 clearly demonstrates that the phase separation of P3HT and PEO occurs via liq-
uid:liquid demixing (i.e. a spinodal decomposition into coexisting liquid phases) prior to for-
mation of a solid film: as the concentration of the solution increased (from left to right) the
appearance of P3HT-rich yellow droplets in a colourless PEO-rich matrix was observed. The
droplets were observed to increase in size with on-going solvent evaporation, in order to minimise
the interfacial area between the P3HT-rich droplets and the PEO-rich matrix. The droplets also
appeared to darken, due to increasing concentration. Eventually, at high enough concentrations,
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Figure 5.20: Top) schematic representation of the phase separation process for P3HT:PEO
blends during solvent evaporation. Bottom) optical micrograph of the 1:1 P3HT:PEO wet film
between two glass microscope slides during controlled solvent evaporation from the right edge
only, resulting in a concentration gradient and evolution from fully dissolved solution to a dry,
phase-separated film. Reproduced with permission from J. Polym. Sci. B Polym. Phys.3
the P3HT solidifies and crystallises, exhibiting the characteristic yellow-to-red colour change due
to the formation of longer e↵ective conjugation lengths with smaller optical band-gaps.
The phase behaviour of the P3HT:PEO blend can be understood in terms of the relative
strengths of P3HT-P3HT, P3HT-PEO and PEO-PEO molecular interactions. Liquid:liquid
demixing indicates that the P3HT-PEO interaction is relatively unfavourable, with the two
materials preferring to interact with themselves and form separate, pure phases. However, the
strength of the interactions will vary with temperature, and many immiscible systems (oil and
water, for example) will readily mix if heated su ciently. Optical microscopy and DSC measure-
ments taken during cooling from 35 oC, for a P3HT:PEO solution in a sealed cavity to minimise
the e↵ect of solvent evaporation, have shown that droplet formation (i.e. demixing) only occurs
below 25 oC, and that aggregation/crystallisation of P3HT occurs at 10 oC.3 The di↵erence
in colour between droplets and matrix was observed to increase with decreasing temperature,
and was attributed to increasing phase purity as the overall concentration is not expected to
increase via solvent evaporation inside a sealed cavity.
The increasing extent of liquid:liquid demixing at lower temperatures confirms that the P3HT-
PEO interaction is unfavourable compared to that between P3HT chains, and that minimising
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the interaction with PEO encouraging the formation of more compact, highly-ordered P3HT
aggregates than would naturally form in a neat film. These aggregates favour a longer e↵ective
conjugation length, leading to a more J-like aggregation and the stronger 0-0 transition ob-
served in absorption. We conclude that this shift in the competition between H-like and J-like
aggregation explains how PEO can have such a marked e↵ect on the photo-physics of P3HT
even when P3HT and PEO are separated into domains at the micrometre-scale.
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Figure 5.21: Normalised Absorption (a) and normalised Raman spectra for neat P3HT and
blended P3HT:PEO (1:1 by weight) films, bar-coated from CF onto substrates at di↵erent
temperatures. c) 0-0/0-1 absorption ratios and d) estimated degrees of molecular order for the
same films. Absorption spectra are normalised to the 0-1 transition.
Based on this understanding, we endeavoured to control the liquid:liquid demixing during evap-
oration, and thus the nature of P3HT aggregation, by depositing blends of P3HT:PEO onto
substrates at di↵erent temperatures between 35 and 13 oC. Figure 5.21 reveals that there both
absorption and resonant Raman spectra of the blends exhibit a strong dependence on the de-
position temperature. With decreasing temperature, there was a significant increase in the
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relative intensity of the 0-0 transition, from 0.7 (at 35 oC) to 1.25 (at 13 oC), a trend that was
not observed when neat films of P3HT were deposited under the same conditions. A red-shift in
the 0-0 transition at lower temperatures, from ⇠605 nm to 630 nm, confirms that the increas-
ingly J-like aggregates do indeed adopt longer e↵ective conjugation lengths than are observed
for more H-like aggregated films. The degree of phase separation in the blends was visible to
optical microscopy under 50⇥ magnification, with deposition at lower temperatures leading to
a rougher film of larger, purer P3HT domains set in a colourless PEO matrix. The greater
roughness of the 13 oC and 18 oC films resulted in significant light scattering, responsible for
the greater apparent absorption for those films at longer wavelengths (>650 nm).
There was a concurrent increase in the estimated degree of molecular order at lower deposition
temperatures, shown in Figure 5.21d, rising from 0.82 (at 35 oC) to 0.88 (at 13 oC). This was
due to reduced scattering from the disordered component at ⇠1470 cm 1, and establishes that
a slightly more planar backbone conformation is associated with the more J-like aggregates of
P3HT.
Investigating PEO-induced changes in the photo-physics of P3HT has revealed a key phase
transition prior to deposition and the importance of temperature in determining the H- vs J-
like aggregation of blended P3HT. This insight into the behaviour of P3HT:PEO blends may
be applicable to a large range of semiconductor:insulator material systems, and o↵ers a simple
processing methodology for manipulating the absorption spectrum of polymers such as P3HT.
It would be of particular interest to OPV applications to investigate how the structure/prop-
erty rules observed here apply to other techniques for selective aggregation of P3HT prior to
deposition, such as nanowire formation in poor solvents.126
5.7 Conclusions
Using a combination of of Raman, absorption and PL spectroscopy we have characterised in
detail the thin film morphology of an archetypical OPV blend system, P3HT:PCBM. Using this
model material system, we have developed an understanding of the relationships between pro-
cessing conditions, blend morphology and OPV performance, that is relevant to the optimisation
of OPV devices based on polymer:fullerene blends.
We have shown that there is a critical change in the phase behaviour of P3HT:PCBM blends
around a PCBM concentration of ⇠25 %wt. Below this threshold, the PCBM is dilute enough
to dissolve in the amorphous disordered phase of P3HT, while higher concentrations were found
to reduce P3HT order/aggregation in order to dissolve the additional PCBM molecules, leading
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to a more amorphous blend film and reduced conjugation lengths. Exciton quenching of >90%
demonstrated that a highly mixed blend is e↵ective for charge separation, but lacked the organ-
isation necessary for e cient charge transport. It was possible to restore P3HT molecular order
via thermal annealing, but only once the blends were heated above a glass transition tempera-
ture (Tg) of 50 oC, as measured in situ by the restoration of P3HT molecular order (according
to Raman) and reduced exciton quenching (according to PL). Our observations of morphology
during in situ annealing agree well with reported device data, underscoring the importance of
ensuring that the blend forms a su ciently-phase separated morphology of pure, highly-ordered
domains to maximise charge transport.
Further investigation revealed that P3HT:PCBM blends exhibit a degree of vertical phase-
separation after deposition, due to the di↵erence in surface energy between substrate and air
interfaces. The direction of vertical separation was found to preferentially concentrate P3HT at
the air interface and PCBM at the substrate surface, which will hinder charge extraction from
the active layer in conventional device architectures, where holes are extracted from P3HT at
the substrate surface and electrons from PCBM at the top (air) interface. Thermal annealing
was found to produce a ‘standardised’ degree of phase separation for films regardless of the
chosen substrate, but the direction of separation is still determined by thermodynamics and is
expected to remain unfavourable towards extraction in conventional devices.
Finally, we examined how two di↵erent methods can be used to manipulate and control the
morphology of P3HT in blends. Firstly, we treated P3HT:PCBM blend solutions with 0-9
%vol of the high-boiling point solvent ODT, which acts to slow evaporation and increase phase
separation during deposition. We demonstrated that adding ODT resulted in an improvement
in molecular order and e↵ective conjugation length, indicative of increase phase separation.
The optimal concentration, 3 %vol ODT, was comparable to thermal annealing in terms of
improved molecular order, and agrees well with reported e ciency gains for devices based on
ODT-treated blends. We also showed that blending P3HT with the insulating polar polymer
PEO had a marked e↵ect on the photo-physical behaviour of P3HT, their immiscibility resulted
in a highly phase-separated morphology with red-shifted P3HT absorption due to a more J-
like aggregation. The e↵ect was stronger for films deposited at lower temperatures, as the
blend solutions underwent phase separation prior to deposition via a temperature-dependent
liquid:liquid demixing process below ⇠35 oC.
We hope that this detailed investigation of morphology for a model system will help the under-
standing of structure-property relationships for high-e ciency systems based on novel polymers
and fullerenes, and accelerate the morphological optimisation for each new material developed
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for OPV applications. The techniques used in this Chapter have already been applied to the
study of several such materials, some examples of which will be discussed in later chapters.
Chapter 6
Photo-Stability of PTB7
The work reported in this chapter was done in collaboration with Dr Ying Soon and Prof. James
Durrant from the Department of Chemistry, Imperial College London, and Jess Wade from the
Department of Physics, and was published in the Journal of Material Chemistry A in 2014.86
PTB7 sample preparation and ex situ degradation were both carried out by Dr Ying Soon, and
DFT analysis was done with the assistance of Jess Wade.
6.1 Background
Despite the significant improvement in power conversion e ciency (PCE) that has been achieved
over the past decade, to the point that certified OPV e ciencies are close approaching the often-
quoted ⇠12% benchmark for economic viability,3,4,10 poor stability remains a critical limitation
to producing an organic solar cell that is economically competitive with traditional silicon cells,
beyond niche small-scale energy generation.9 Stability is a broad and di cult subject to study,
as the complex architecture and varied materials within an organic solar cell mean there are
many degradation mechanisms that can reduce device performance over time, and attempting
to address all of them could easily fill several theses.61,102,127–131 In this chapter we focus on the
photo-degradation of a key high-e ciency polymer, PTB7.
The co-polymer thieno[3,4-b]thiophene-alt-benzodithiophene (PTB7, also known as PBDTTT)
is one of the highest-e ciency polymers that is currently commercially available, having achieved
a record certified PCE of 9.2% in 2012,79 when blended with the fullerene PC70BM in an inverted
device architecture, versus a respectable 7.4% for a conventional non-inverted architecture.33
Despite the well-documented characterisation of novel polymers in terms of their e ciency, there
84
Chapter 6. Photo-Stability of PTB7 85
are relatively few studies done examining their stability. In the case of PTB7, the polymer is
known to photo-chemically degrade during operation under ambient conditions, limiting the
usefulness of PTB7-based solar cells unless their stability can be improved.4,132,133 The simplest
method available is to encapsulate the device under inert atmosphere, slowing the ingress of O2
into the active layer, but this is a costly and material-intensive method.9,131 The ideal solution
is to identify the degradation mechanism and design analogous polymers that retain the high
e ciency of PTB7 while avoiding its sensitivity to photo-chemical degradation. Several stud-
ies have been published in recent years that discuss the dominant degradation mechanisms of
other polymers, such as P3HT and PPV, and many have identified it as a photo-oxidation of
the alkyl side-chain or the conjugated backbone itself.61,127–129,133 However, which mechanism
dominates is usually specific to each class of polymer according to its unique chemical struc-
ture and molecular packing motif, and the formulation of a universal rule for describing the
degradation of conjugated polymers seems unlikely in the near future. Our aim is to study the
degradation of PTB7 using Raman spectroscopy, identifying any vibrational changes induced
by oxidation of the conjugated backbone, in order to establish the dominant degradation path-
way for this class of donor-acceptor polymer. This is particularly significant as PTB7 has since
been used as the template for several more high-e ciency polymers, including PTB7-Th (also
known as PBDTTT-EFT or PBDTT-FTTE)65,134 which has achieved e ciencies of ⇠10% in
polymer:fullerene blends, and as such PTB7 may share a similar degradation mechanism with
its analogues.
6.2 Experimental
Sample Preparation: For the PTB7 degradation study, PTB7 (1-Material, purified) and PC70BM
(Solenne b.v.), were dissolved in a mixture of chlorobenzene (97% by volume) and 1,8-diiodooctane
(3%) to make up a neat PTB7 solution (15 mg/mL) and blended PTB7:PC70BM solution (25
mg/mL, weight ratio of 1:1.25). Films were deposited by spin-coating (2000 rpm for 120 sec-
onds) onto glass substrates. Ex situ degradation was done for 4 hours under ⇠1 sun of white
light (  > 410 nm) from a Luxeon Star LED, and purging with dry O2 gas.4
Film Characterisation: Raman measurements were done with a 488 nm (Ar ion) laser as the
excitation source; spectra were obtained using a laser power of ⇠0.9 mW and an acquisition
time of 60 seconds. To reduce laser-induced photo-degradation of the sample, the laser spot was
defocused to⇠18 µm and measurements were done in a N2 environment. For in situ degradation,
each sample was exposed to the ⇠0.9 mW laser in a series of 60 second acquisitions up to a total
exposure time of 61 minutes under N2 purging, or 30 second acquisitions up to a total of 10.5
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minutes done intentionally in air. UV-Vis absorption spectroscopy was done using a Shimadzu
UV-2550 spectrophotometer.
DFT simulations: PTB7 oligomers and possible oxidised products were simulated using the
Gaussian 09 software package,135 running on the High Performance Cluster at Imperial College.
Molecular structures were optimised in the gas phase, with alkyl side-chains reduced to methyl
groups to aid computation time, and then Raman spectra were calculated for the optimised
structures. Simulations were done using the B3LYP functional and 6-31G(d,p) basis set, and
all calculated Raman shifts were adjusted using an empirical 0.9615 scaling factor (according
to the chosen basis set) to correct for over-estimation of vibrational frequencies.100
6.3 Pristine vs Degraded PTB7
PTB7 is a popular polymer in OPV research due to its high e ciency, but the useful lifetime
of PTB7-based organic solar cells is limited by its rapid degradation in ambient conditions.4,132
A 2013 study by Soon et al. demonstrated that a combination of light exposure and ambient
oxygen was required to degrade the material,4 and that removal of oxygen through purging
with inert gas resulted in significantly greater photo-stability. Under accelerated conditions (⇠1
sun of white light in a pure O2 atmosphere), films of PTB7 reportedly exhibited a significant
loss of absorption, associated with breaking of the conjugated backbone and correlated to loss
of device performance, and that PTB7 degraded much faster compared to more crystalline
polymers such as P3HT and DPP-TT-T.132 Their investigation concluded that PTB7 degrades
via photo-oxidation by the highly reactive singlet species of oxygen, 1O2, generated through the
quenching of triplet excited states on the polymer by ambient O2.4
Figure 6.1: Energy level diagram illustrating the generation of reactive 1O2 by quenching
of the PTB7 triplet exciton (3P*), generated by either intersystem crossing from the singlet
exciton (1P*) or charge recombination across the PTB7:PC70BM heterojunction. Reproduced
with permission from Chem. Comm.4
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By studying the degradation the impact of degradation on the chemical structure of PTB7, we
intend to identify the nature of the photo-oxidation and its products. The sensitivity of resonant
Raman spectroscopy to C-C and C=C vibrational modes along the conjugated backbone68,89,91
makes it an ideal technique for probing any changes in chemical structure or conformation
that may occur during oxidation, and any oxidised products may be identified by comparing
experimental observations to theoretical Raman spectra from DFT simulations.
6.3.1 Neat Films
In order to study the photo-oxidation of PTB7, we first assigned the Raman peaks of pristine
(un-degraded) PTB7 to vibrations of particular chemical bonds along the conjugated backbone
(shown in Figure 6.2). The co-polymer is comprised of alternating benzodithiophene (BDT)
and thienothiophene (TT) units and exhibits four major peaks between 1400 and 1800 cm 1:
Peak 1 (1489 cm 1) is assigned to the C=C stretching mode of the fused thiophenes of the BDT
unit, Peak 2 (1549 cm 1) is the same vibration coupled to the C=C stretching mode of the non-
fluorinated thiophene of the TT unit, and Peak 3 (1578 cm 1) is the benzene quadrant stretching
mode of the BDT unit coupled to the C=C stretching mode of the fluorinated thiophene of TT.
A weak peak at ⇠1720 cm 1 (Peak 4) corresponds to the C=O stretching mode of the TT unit’s
ester side chain. Assignments were made according by comparing the experimentally measured
Raman spectrum to a theoretically calculated spectrum of a PTB7 oligomer, obtained by DFT
simulation (see Appendix A).
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Figure 6.2: a) Chemical structure of the repeat unit for PTB7, coloured numbers indicate
assignment of Raman modes to vibrations of corresponding C=C and C=O bonds. b) Raman
spectrum of pristine PTB7 under 488 nm excitation and N2 purging.
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The absorption spectrum of pristine PTB7, shown in Figure 6.3b, reaches a maximum ( max)
at ⇠680 nm and has an onset at ⇠750 nm, typical of a low band-gap donor-acceptor polymer.
Soon et al. measured the extent of degradation by the reduction of this absorption peak after
ex situ degradation under ⇠1 sun of white light and O2 purging. In this study we compared
pristine films of neat PTB7 to films degraded ex situ for 4 hours under the same conditions, and
found that degradation results in distinctive changes to both Raman and absorption spectra
(Figure 6.3). In agreement with the reported e↵ect of degradation, we observed a significant
decrease in absorption after 4 hours of exposure, indicative of a loss of chromophores due to
broken conjugation or chain scission that has been reported for other polymers. In terms of
Raman, four distinctive spectral changes were observed (shown by arrows in Fig. 6.3a): Peak
1 was up-shifted by ⇠8cm 1 to 1497 cm 1; the relative intensity of Peak 2 vs Peak 1 was
increased from 0.54 to 0.75; the relative intensity of Peak 3 was also increased from 0.28 to
0.47; and a new but weak peak at ⇠1645 cm 1 has appeared. These changes provide some
clues about the nature of PTB7 degradation: the three major vibrational modes associated
with the conjugated backbone have all been altered, which points to degradation taking place
on the main backbone. The most significant change is the ⇠8 cm 1 up-shift of Peak 1, which
was assigned specifically to the C=C stretching mode of the fused thiophenes on the BDT unit,
meaning these C=C bonds are vibrating at a higher frequency due to a change in bond length.
This suggests that photo-oxidation may occur on the BDT unit, and alters the distribution of
electron density across the unit. The retention of Raman scattering intensity despite 4 hours
of degradation suggests that the observed vibrational changes are from molecules that have
been oxidised without a major loss of conjugation, which would suppress absorption and thus
resonant Raman scattering. Therefore, we must be probing an initial stage of photo-chemical
degradation rather than the final product, revealing the nature of early oxidised species that are
further broken down by continued exposure. This was corroborated later by DFT simulations
of possible oxidised products, which will be described in Section 6.5.
6.3.2 Blends with PC70BM
When PTB7 is blended with PC70BM, the pristine blend exhibits a complex Raman spectrum
with overlapping peaks from both materials (see Figure 6.4a). The strongest Raman peaks of
PC70BM (at ⇠1570 and 1460 cm 1, assigned to the anti-symmetric and symmetric stretching
modes of the C70 cluster respectively)136 overlap with the 3 main modes of PTB7, the former
obscures PTB7’s Peak 3 and the latter creates a low-wavenumber shoulder on Peak 1. As
described in Section 7.6, the blend spectrum was found to be a simple linear combination of
separate spectra for the two neat materials, and can be easily deconvoluted by linear fitting.
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Figure 6.3: Normalised Raman spectra (a) and absorption spectra (b) for neat films of PTB7,
before and after 4 hours of ex situ degradation under ⇠1 sun of white light and O2 purging.
Consequently, there is little evidence of any vibrational changes to either PTB7 or PC70BM as a
result of blending, unlike the reported behaviour of P3HT:PC60BM blends described in Chapter
5. Neat PC70BM films showed no evidence of degradation under ex situ or in situ conditions.
When the blend was treated to ⇠4 hours of ex situ degradation, it exhibited several vibrational
changes (Figure 6.4b): the strongest peak is now at ⇠1470 cm 1, which corresponds to the
symmetric C=C stretch of PC70BM (marked by the grey dotted line in Figure 6.4) rather than
an unexpected ⇠20 cm 1 down-shift of PTB7’s Peak 1. Instead, we observe what appears to be
a new peak at 1509 cm 1 (indicated by *) that appears to line up with the high-wavenumber
shoulder of pristine PTB7’s Peak 1. We concluded that the new peak is in fact Peak 1 shifted to
even higher wavenumbers, which was confirmed by in situ degradation of the blend in Section
6.4 as a gradual evolution of Peak 1 from ⇠1489 to ⇠1509 cm 1 shown in Figure 6.5d, and
corroborated by DFT simulations in Section 6.5. This ⇠20 cm 1 up-shift greatly exceeds the
⇠8 cm 1 shift observed when neat PTB7 was degraded, suggesting that degradation is more
extensive in the blend under the same conditions. This agrees well with the evidence reported
by Soon et al., who observed that blending PTB7 with PC70BM resulted in faster singlet O2
generation and more rapid degradation.4 They attributed this to a greater triplet yield in the
blend, due to non-geminate charge recombination across the PTB7:PC70BM interface. We were
not able to comment on the change in relative intensity of PTB7’s Peaks 2 and 3 due to their
overlap with the anti-symmetric mode of PC70BM at ⇠1570 cm 1.
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Figure 6.4: a) Normalised Raman spectra of neat PTB7 (top), neat PC70BM (bottom) and
the pristine PTB7:PC70BM blend (middle). Spectra are stacked for clarity. b) Normalised
Raman spectra of blend films before and after ⇠4 hours of ex situ degradation under ⇠1 sun
of white light and O2 purging. The vertical grey line is a guide for the eye between the blend
peak at ⇠1470 cm 1 and the symmetric C=C mode of neat PC70BM.
6.4 A Two-Step Process
To better understand the mechanism and kinetics of degradation, we intentionally degraded
pristine films of both neat PTB7 and blended PTB7:PC70BM films in situ within the Raman
micro-spectroscope. This was done by repeated exposure of the films to the 488 nm excitation
laser either in air or under N2 purging. The irradiance provided by the laser, with a power of
0.9 mW defocused over ⇠18 µm, was estimated to be several orders of magnitude greater than
the ⇠1 sun used for ex situ degradation, and consequently any degradation was expected to be
highly accelerated.
6.4.1 Accelerated In Situ Degradation
Under N2 purging, the films were remarkably stable and neither the neat film nor the blend
exhibited any significant vibrational changes even after 1 hour of cumulative exposure (see
Figures 6.5a and c). This follows our understanding that the degradation process is a photo-
oxidation, requiring exposure to light in the presence of O2. Under ambient conditions, both
the neat film and the blend exhibited rapid degradation over approximately ten minutes of
cumulative exposure to the laser (Figures 7.5b and d), with their spectra significantly altered
even after 30 seconds with respect to pristine spectra taken under N2 (depicted by black dotted
lines in Figures 6.5b and d). The characteristic up-shift of PTB7’s Peak 1 and increasing
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relative intensities of Peaks 2 and 3 with increasing exposure time clearly indicates that the in
situ degradation follows a similar pathway to that of films degraded ex situ.
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Figure 6.5: Raman spectra of neat PTB7 (a,b) and blended PTB7:PC70BM (c,d) films during
in situ degradation under N2 purging (a,c) or in air (b,d), according to total laser exposure time.
Intensities are relative to the pristine value of Peak 1.
Figure 6.6 reveals the evolution of these two key properties, the Raman shift of PTB7’s Peak
1 and the overall Raman scattering intensity, with increasing exposure time for both the neat
film and the blend. For neat PTB7, Peak 1 was shifted from 1489 to 1492 cm 1 by the first
30 second exposure, and eventually reached a stable Raman shift of 1499 cm 1 (an up-shift of
⇠10 cm 1) after 3.5 minutes. This compares well to the ⇠8 cm 1 up-shift we observed for the
neat film degraded ex situ, and in combination with the observed increase in relative intensities
of Peaks 2 and 3, we conclude that a Peak 1 position of 1488-1489 cm 1 is representative of
the degraded state of PTB7. Blended PTB7:PC70BM exhibited the same ⇠10 cm 1 up-shift
to 1499 cm 1 after only 2 minutes, confirming that blending PTB7 with PC70BM accelerates
the polymer’s degradation. For the blend, prolonged exposure (>6 min) resulted in a further
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shift of Peak 1 to 1509 cm 1 (an up-shift of 20 cm 1 with respect to the pristine film). This
agreed well with the observed up-shift for the ex situ degraded blend, and confirms that the
star-marked peak in Figure 6.4b was indeed an up-shifted Peak 1 from PTB7. We finally note
that the attainment of a ‘degraded’ Peak 1 position after 2 to 3.5 minutes, compared to 4 hours
of ex situ degradation, a rms the accelerated nature of in situ degradation using a focused 0.9
mW laser.
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Figure 6.6: Evolution of Raman shift for PTB7’s Peak 1 (a) and the total integrated intensity
(b) plotted against cumulative exposure time, for both neat PTB7 and blended PTB7:PC70BM.
The 1st and 2nd degradation steps are marked in yellow and blue respectively. Integrated
intensity values are given relative to those measured under N2 purging.
We also observed a marked decrease in PTB7’s Raman scattering intensity across the entire
spectrum at longer exposure times (Figures 6.5b and d), with the neat film exhibiting e↵ectively
no Raman scattering after 10.5 minutes, while the blend only retains ⇠33% of its original
intensity. As described earlier, the photo-degradation of PTB7 was first identified by a loss
of absorption (i.e. loss of chromophores) from thin films after ex situ degradation, and can
be identified qualitatively for films degraded in situ as a discolouration of the exposed area
according to optical microscopy (Figure 6.7). The loss of chromophores and their absorption,
through some conjugation-breaking mechanism driven by the photo-oxidation, is also expected
to reduce Raman scattering intensity as the damaged chains will no longer be resonant with
the 488 nm excitation laser and thus won’t contribute to the Raman spectrum. Furthermore,
Figure 6.6b demonstrates that this loss of Raman scattering is only observed after ⇠2 minutes
of exposure (marked in blue), and leads us to infer that it only occurs once a su cient amount
of PTB7 has been oxidised to the initial degradation state (achieved after 2-4 minutes, marked
in yellow). Thus we propose that PTB7 degradation is a two-step process: the initial photo-
oxidation, which causes vibrational changes but preserves conjugation; followed by a second,
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more destructive photo-oxidation that further oxidises the molecule and breaks its conjugation,
such that it no longer contributes to absorption or resonant Raman scattering.
Figure 6.7: Micrographs of neat PTB7 (a) and blended PTB7:PC70BM (b) thin films, after
10.5 minutes of cumulative exposure to the 488 nm laser.
6.5 The Initial Product
So far we have described the photo-oxidation of PTB7 exclusively in terms of changes to its Ra-
man spectrum, without identifying the specific oxidised products responsible for those changes.
However, as noted previously the changes themselves do provide some indication as to where
the oxidation may be taking place: the up-shift of Peak 1 (the C=C mode of the fused thio-
phenes of the BDT unit) suggests that the oxidation is taking place close to those C=C bonds,
altering the distribution of electron density across the BDT unit; while the retention of Raman
scattering intensity when these changes occur indicates that conjugation has not been broken.
Consequently, the photo-oxidation must involve a reaction between singlet oxygen and the con-
jugated backbone that does not alter it too dramatically. Common oxidation mechanisms that
have been identified for other conjugated polymers include abstraction of hydrogen from the ↵-
position of the solubilising alkyl side-chain,137,138 producing an ↵-alcohol group that eventually
oxidises further to remove the side-chain completely; and Diels-Alder type reactions between
dienophilic 1O2 and nucleophilic aromatic rings like thiophene or benzene lead to subsequent
ring-opening decomposition reactions.137–139
↵-Abstraction is considered unlikely in PTB7, as its side-chains are connected to the conjugated
backbone by ether and ester groups that are reportedly more stable than alkyl chains;128,133
while Diels-Alder reactions that open any of the fused aromatic rings of the backbone will
immediately break its conjugation, and are deemed incompatible with the initial photo-oxidation
we are trying to identify. Instead, we propose that the photo-oxidation proceeds via electrophilic
insertion of oxygen into any aromatic C-H bonds on the conjugated backbone, the only possible
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sites being the 3rd and 9th positions on the electron-rich BDT unit (next to the C=C bonds
responsible for Peak 1, marked in red in Figure 6.8).
6.5.1 DFT Simulations of Oxidised PTB7
In order to find the actual oxidation product responsible for the vibrational changes we have
observed, we used Density Functional Theory (DFT) to simulate several possible oxidised prod-
ucts and compared their predicted Raman spectra to that of pristine PTB7. First, we found
that the most representative Raman spectrum for pristine PTB7 was obtained with an acceptor-
donor-acceptor oligomer containing a single BDT unit between two TT units (see Figure 6.8).
The main vibrational modes had predicted Raman shifts of 1490, 1532 and 1555 cm 1 and were
an approximate match to the three major peaks observed experimentally for neat PTB7, with
a comparable pattern of intensities. We note that DFT appears to underestimate the frequency
of the TT-BDT coupled modes (Peaks 2 and 3) but not that of the BDT-only mode (Peak 1).
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Figure 6.8: a) Comparison of the experimentally observed Raman spectrum of PTB7 and
the theoretical spectrum predicted by DFT simulations of an oligomer. b) The structure of the
oligomer, where C-H bonds marked in red are considered the most likely site for oxidation.
We then examined several oxidation products, starting with the oxidation of either one of both
of the C-H bonds of the BDT unit to form C-OH groups (referred to as hydroxy-PTB7 and
dihydroxy-PTB7 oligomers respectively). When compared to pristine PTB7 in Figure 6.9a, the
simulated spectrum of hydroxy-PTB7 exhibits similar major modes but with the characteristic
spectral changes associated with degradation: an up-shift of Peak 1 by ⇠7 cm 1 to 1497 cm 1;
an increase in the relative intensities of Peaks 2 and 3, from 0.38 to 0.53 and 0.13 to 0.36 respec-
tively; and the appearance of a new, low-intensity peak at 1580 cm 1 that was assigned to the
C=C stretching mode of the fused thiophene that had been oxidised. No significant structural
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changes were observed along the conjugated backbone, as bond lengths varied by less than 1 pm
from their pristine values, indicative of no change in overall conjugation despite the oxidation.
Oxidation of the 2nd C-H bond (dihydroxy-PTB7) resulted in a further up-shift of Peak 1 by
⇠3 cm 1 to 1500 cm 1, and significantly increased the relative intensity of Peak 3 and the new
peak at 1580 cm 1, in continuation of the trend from pristine to hydroxy-PTB7. The second
hydroxylation may explain the greater up-shift of Peak 1 for ex situ degraded PTB7:PC70BM,
and why the blend exhibited a second distinct shift of Peak 1 to higher wavenumbers after five
minutes of in situ degradation. Increased production of singlet O2 in the blend may result in
further oxidation of hydroxy-PTB7 to dihydroxy-PTB7 before the second, more destructive step
takes place.
We also considered several other possible oxidation products, in case another mechanism could
be responsible for the characteristic vibrational changes we have observed. These products in-
volved further oxidation of the aromatic 3rd and 9th positions of the BDT unit to form C=O
groups (diketo-PTB7), insertion of O2 across the benzene ring of the BDT unit to form a bridg-
ing 5,11-endo-peroxide (peroxy-PTB7), decomposition of the peroxide upon side-chain removal
(quinone-PTB7); and the oxidation of the sulfur atom on the non-fluorinated thiophene ring of
the TT unit to form sulfoxides and sulfones.139 However, all of these oxidations introduce sig-
nificant structural changes to the conjugated backbone and have correspondingly dramatically
di↵erent Raman spectra to that of the pristine oligomer (see Figures 6.9b and c). The charac-
teristic up-shift of Peak 1 and greater relative intensities of Peaks 2 and 3 were not observed, in
fact these products tended to show a large down-shift in the position of Peak 1 and a decrease
in the relative intensities of Peaks 2 and 3, along with several new vibrational modes. Conse-
quently, we conclude that the hydroxy-PTB7 represents the best explanation for the vibrational
changes that were observed experimentally, and we propose that the initial photo-oxidation is
a hydroxylation of the aromatic 3rd and 9th positions on the BDT unit.
6.5.2 Consequences for Chromophore Loss
In understanding the nature of the second, more destructive oxidation step, which breaks the
chromophore and occurs after the formation of hydroxy-PTB7, we are limited by the lack of
resonant Raman scattering from the final oxidation product. However, a 2011 study by HJ Son et
al. used FT-IR spectroscopy to examine the vibrational modes of PTB7 after prolonged photo-
oxidation,140 a complementary technique to Raman that is completely non-resonant and is more
sensitive to inherently dipolar bonds such as those between carbon/sulfur atoms and oxygen.
They reported the detection of sulfine (C=S=O) vibrations consistent with the opening of a
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Figure 6.9: The theoretical Raman spectrum of an ADA oligomer of PTB7, compared to the
spectra for various oxidised products: a) hydroxy-PTB7 and dihydroxy-PTB7; b) diketo-PTB7,
peroxy-PTB7 and quinone-PTB7; c) sulfoxide-PTB7 and sulfone-PTB7. Chemical structures
for each oxidised product are presented to the right of the relevant figures, with oxidised groups
marked in red.
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thiophene ring, and postulated that the dominant reaction was a [2+4] cycloaddition between
singlet O2 and the non-fluorinated thiophene of the TT unit.140 A theoretical investigation of
reactions between singlet O2 and monomeric thiophene also found that the most energetically
favourable reaction is the [2+4] cycloaddition of O2, forming a bicyclic intermediate state with
a bridging 2,5-endo-peroxide and a loss of conjugation at the bridging positions. In order to
understand how this process may relate to the second, more destructive photo-oxidation we
have observed after the initial hydroxylation of the BDT unit, we examined the impact of
hydroxylation on the distribution of electron density across the neighbouring TT unit, focusing
on the 2nd and 5th atoms of the non-fluorinated thiophene ring in particular (see Figure 6.10).
Based on DFT simulations of an ADA oligomer, both TT units were predicted to possess partial
negative charges at those positions (tabulated in Figure 6.10), due to the electron-rich nature
of the thiophene ring, and are expected to be reactive towards electrophilic O2. We found that
hydroxylation of the adjacent BDT unit resulted in greater partial negative charge at the 2nd
and 5th positions of the non-fluorinated thiophene ring closest to the hydroxyl group, making the
ring more electron rich and potentially more reactive towards 1O2, in a similar manner to that
described by HJ Son et al. for PTB7 analogues where the BDT unit is fluorinated at the same
position.140 Therefore it seems that the initial hydroxylation step, which we have positively
identified using resonant Raman spectroscopy, may be responsible for sensitising the PTB7
conjugated backbone to further oxidation, which breaks the conjugation of the chromophore,
through the e↵ect of the electron-withdrawing hydroxyl group on the distribution of electron
density across the chain.
Atom Pristine PTB7 hydroxy-PTB7
1 -0.200 -0.214
2 -0.247 -0.245
3 -0.227 -0.228
4 -0.188 -0.187
Figure 6.10: top) Chemical structure for the ADA oligomer of hydroxy-PTB7, where the 2nd
and 5th atoms of the non-fluorinated thiophene ring of each TT unit are numbered. bottom)
Tabulated Mulliken charges for those atoms according to DFT simulations of pristine PTB7,
hydroxy-PTB7 and dihydroxy-PTB7, using the B3LYP functional and a 6-31G(d,p) basis set.
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6.6 Conclusions
In conclusion, we have used Raman spectroscopy to probe the vibrational modes of the highly-
e cient but photo-chemically unstable PTB7 polymer during its degradation, when exposed to
light in the presence of O2, and have identified vibrational changes indicative of conversion to
an oxidised species of the polymer. In situ degradation confirmed that blending PTB7 with the
fullerene acceptor PC70BM causes the polymer to degrade faster, associated with increased yield
of singlet O2, achieving the oxidised state earlier and to a greater extent. This degradation was
not correlated to a loss of Raman intensity, indicating the preservation of conjugation (through
resonance between Raman scattering and electronic excitation) despite the oxidation. Based
on DFT simulations of possible structures for the product of this initial photo-oxidation, we
found that the hydroxylation of the 3rd and/or 9th positions of the BDT unit provided the
best explanation of experimentally observed vibrational changes. Prolonged exposure resulted
in a second, more destructive degradation process, revealed by a loss of absorption and Raman
intensity that indicates the breaking of conjugation and loss of the chromophore, which only
occurred after formation of the initial oxidised species. Consequently, we propose that the
degradation is a two-step process: starting with the hydroxylation of the BDT unit, which alters
the electron density on the neighbouring TT unit and renders it more reactive to conjugation-
breaking cycloaddition reactions with O2. Understanding the nature of PTB7’s initial photo-
oxidation step can guide the synthesis of modified polymers that retain the high e ciency of
PTB7 but are more resistant to that hydroxylation, maintaining high performance over longer
lifetimes for a more economically viable OPV device.
Chapter 7
Probing Interfacial Morphology with
SERS
The work reported in this Section follows on from a project started by Dr Wing Chung Tsoi,
and was done with the assistance of Masters student Quentin Thiburce. We would also like to
thank Dr Paul Stavrinou for helpful discussion on the subject of plasmonics.
7.1 Background
The subject of thin film morphology in OPVs has naturally focused primarily on the bulk prop-
erties and lateral organisation of the blend and their influence on device performance through
key parameters such as exciton dissociation and charge transport. For devices such as OPVs and
OLEDs, where the device architecture is arranged vertically as a stack of layers with electrodes
at the top and bottom, it is essential that we also consider the impact of vertical organisation
within the blend active layer. As was described in Chapter 5, vertical phase separation can
occur in blend films comprised of two or more materials, leading to gradients in composition
that are usually attributed to di↵erences in surface energy between top (air) and bottom (sub-
strate) interfaces of the blend during deposition, and such gradients been reported for both
polymer:fullerene and polymer:polymer blends.77,141 Composition gradients can a↵ect both the
e ciency of charge transport towards the appropriate electrodes and of subsequent charge ex-
traction, and in some cases the superior e ciency of inverted device architectures has been
attributed to the direction of vertical phase separation.142,143 The explanation for this is that
charge extraction is extremely dependent on the properties of the film/electrode interface, as
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the formation of ultra-thin interfacial layers, with a composition, organisation and energetics
distinct from the bulk of the blend, must exhibit a disproportionate e↵ect on overall device
performance.77 Hence it is extremely important to characterise the local properties at both the
top and bottom interfaces of the blend.
The study of interfacial properties in thin films is a tricky one, as surface techniques cannot probe
buried interfaces (i.e. substrate/film) without cleaving or otherwise damaging the sample;144
while typical film thicknesses used in OPVs are much smaller than the vertical resolution of most
microscopy techniques (⇠ µm), which therefore cannot distinguish between interfacial properties
from those of the bulk. Previously in Chapter 5 we were able to use Raman spectroscopy to probe
interfacial composition in P3HT:PCBM blends, but only by inferring the vertical distribution
of P3HT from the behaviour of ultra-thin films.70
An altogether more promising technique for the study of interfacial properties is a more ad-
vanced variant of Raman spectroscopy called Surface-Enhanced Raman Spectroscopy. SERS is
a well-known technique in the biological sciences, where it has been used to amplify Raman scat-
tering from molecules at very low concentrations, and can even achieve single-molecule detection
under the right circumstances.5,93,94 As described in detail in Section 3.3, the Raman signal en-
hancement arises from the surface plasmon resonances of metallic nanostructures, usually silver
or gold, which generate an extremely localised electric field enhancement (extending only ⇠10
nm from the surface) that amplifies Raman scattering from nearby molecules. Depending on
the nanostructure employed as a SERS substrate, Enhancement Factors (EFs) of up to 1011⇥
have been reported in the literature,92 but for this work we focus mainly on the use of distance
dependence as a means to selectively probe the interface between the active layer and a silver
electrode.
Figure 7.1: Diagram illustrating Raman and SERS measurements, with incident light in blue,
Raman-scattered light in red and enhanced Raman-scattered light in yellow, for a top-contact
Q/organic/Ag sample.
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The application of SERS to studying organic thin films is relatively novel, reported in only a few
publications previously,144–146 but has yet to be thoroughly investigated as a tool for the quan-
titative investigation of interfacial properties in organic semiconductor blends. It has perhaps
attracted greater interest as a method for increasing OPV e ciency through the enhancement of
local absorption and light-scattering by plasmonic metal nanostructures.147–149 Consequently,
the first part of this Chapter will focus on the fundamentals of SERS that are essential to
understanding the spectra produced under SERS conditions, and how to quantitatively apply
SERS in a meaningful way to organic films instead of dilute solutions.
Figure 7.2: Diagram illustrating the structure of the two main substrate configurations, re-
ferred to as top-contact (a) and bottom-contact (b) respectively. c) Top-down illustration of
measurement locations for Raman and SERS spectra on a top-contact sample with 6 Ag pixels.
Having established a more fundamental understanding of SERS and its application to organic
films, we will then use SERS to probe the top and bottom interfaces of blend films in terms
of their composition and morphology. To this end, two sample architectures will be prepared
as illustrated in Figure 7.2: with a thin (⇠7 nm) layer of silver situated at either underneath
(i.e. bottom-contact) or on top of the active layer (top-contact). Certain samples will also
be thermally annealed at 140 oC to compare the morphology and composition of as-cast and
annealed interfaces in these films.
The investigation will explore two di↵erent material systems: a polymer:polymer blend and a
polymer:fullerene blend. The first is a 1:1 blend of poly(3-hexylthiophene) (P3HT) and the the
co-polymer poly((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-
2’,2”-diyl) (F8TBT). P3HT:F8TBT blends have achieved a reported power conversion e ciency
(PCE) of ⇠2%, which is only improved by post-annealing, suggestive of an important morpho-
logical change at the top interface.80 Low e ciencies were typical of polymer:polymer OPVs
until the development of a 7.7% cell in 2015,150 and the limitation was usually attributed to poor
short-circuit currents and low fill-factors despite better light absorption. The second material
system is a 1:1.5 blend of the co-polymer thieno[3,4-b]thiophene-alt-benzodithiophene (PTB7)
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and the fullerene phenyl-C70-butyric acid methyl ester (PC70BM), PTB7:PC70BM blends are
classed as high-e ciency, having achieved PCEs of 7.4% in conventional device architectures
and 9.2% in inverted devices,33,79 making it a potentially valuable subject for an interface study.
It has also exhibited significant degradation and stability issues, which are addressed in greater
detail in Chapter 6.
7.2 Experimental
The SERS-active layer: The SERS e↵ect was achieved using a ⇠7 nm thick layer of Ag, de-
posited by thermal evaporation under vacuum according to the protocol described in Chapter
4. Each evaporation was done on a batch of up to 16 samples at a time, using a mask to pro-
duce 6 Ag-coated pixels (of 4.5 mm2) per sample. For the investigation of SERS properties in
Section 7.4, the Ag layer was evaporated directly onto Quartz substrates prior to deposition of
the organic layer(s) being probed by SERS. For the investigation of blend interfacial morphol-
ogy in Sections 7.5 and 7.6, two basic sample configurations were used: Q/Ag/organic (bottom
contact) and Q/organic/Ag (top contact); in order to probe each interface of the organic film.
Organic film preparation: The organic layers being probed by SERS were deposited by spin-
coating from solution at 2000 rpm for 120 seconds; except for the PEDOT:PSS spacer layer,
which was deposited at 4000 rpm for 90 seconds. The materials used in this study were RR-
P3HT, F8TBT, PTB7, PC70BM and Rhodamine-6G (Rho-6G). RR-P3HT was from Merck
Chemicals (MW = 31 kDa, D = 2.0, RR = 94%); F8TBT was received from Cambridge Dis-
play Technologies Ltd.; PTB7 was purchased from Osilla and used as received; PC70BM was
purchased from Solenne b.v.; and Rho-6G was purchased from Sigma-Aldrich. Standard solu-
tions were prepared by dissolving the solid material in chlorobenzene at 50 oC to give a total
concentration of 20 mg/mL, unless stated otherwise (see Table 7.1). PTB7:PC70BM blend films
were prepared with a standard weight ratio of 1:1.5, in deposited from two solutions: either
pure chlorobenzene or 97 %vol chlorobenzene and 3 %vol diiodooctane (DIO). P3HT:F8TBT
blends were 1:1 by weight, and were deposited from p-xylene at 70 oC. Rho-6G was dissolved
in H2O with an initial concentration of 1.38 mg/mL (2.9⇥10 3 mol/L), which was then di-
luted down to 0.1 mg/mL (2.1⇥10 7 mol/L), the concentration necessary to produce a sub-
monolayer when 100 µL was drop-cast onto a 12x12 mm substrate (where 2.1 pmol equates to
11.3 nm2/molecule).151 For the experiments in Section 7.4, two sets of samples (Series U and W)
were prepared with varying film thicknesses through serial dilution of the spin-coating solutions,
in order to measure the distance-dependence of SERS. For Series U, P3HT solutions of 1.66 to
20 mg/mL were used to deposit films with thicknesses from 3 to 85 nm; in Series W, aqueous
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solution of PEDOT:PSS (purchased from Heraeus) was serially diluted from the as-purchased
concentration of 6% polymer down to a minimum of 0.5% in order to produce spacer layers
between 44 and 2.2 nm thick. As illustrated in Figure 7.2, certain samples were also annealed
at 140 oC for 10 minutes in a glovebox, to observe the e↵ect on interfacial morphology. For bot-
tom contact samples this was done after deposition of the organic film (post-annealing), while
for top contact samples this was done either before (pre-annealing) or after (post-annealing)
evaporation of the Ag layer.
Sample evap. # Materials Solvent Concentrations
Series (mg/mL)
M 17 PC70BM CB 20
N 17 PTB7 CB 20
O 18 PTB7:PC70BM CB 20
P 18 PTB7:PC70BM 97% CB, 3% DIO 20
U 19 P3HT CB 1.66-20
W 21 PEDOT:PSS/P3HT H2O / CB 0.5-6% / 5
X 22 P3HT p-xyl 20
Y 22 F8TBT p-xyl 20
Z 23 P3HT:F8TBT p-xyl 20
  26 Rho-6G H2O 0.1
Table 7.1: Summary of preparation parameters used for each series of samples discussed in
this Chapter, indicating the Ag layer batch number, the materials in the organic layer(s), the
solvent they were dissolved in and at what concentrations.
Film characterisation: From each evaporation of the Ag layer, a reference sample (with the
configuration Q/Ag) was scanned using a Park NX10 AFM, in order to characterise the sur-
face nanostructure; while optical transmittance and reflectance spectra were taken to find the
plasmon resonance wavelength and calculate the extinction correction factor, Fcorr( ). Trans-
mittance, reflectance and absorption spectroscopy measurements were done using a Shimadzu
UV-2600 spectrophotometer with an integrating sphere attachment. For characterisation of
the evaporated Ag layers, Q/Ag reference samples were measured both right-way-up (with the
Ag layer facing the incident light) and upside-down (with the Ag layer facing away). Ra-
man and SERS measurements were done using a Renishaw inVia microscope, under various
excitation conditions (see Table 7.2) depending on the material being probed and film thick-
ness. Laser intensities and acquisition times for each sample were the same for both Raman
and SERS, to ensure measured intensities could be compared. To reduce photo-degradation,
samples were measured in a Linkam thermal stage under N2 purging and the laser spot was
defocused to ⇠20 µm. A minimum of 3 Raman measurements and 3 SERS measurements were
done for each sample, in di↵erent locations, to obtain representative average spectra under nor-
mal and surface-enhanced conditions. For samples with the Q/Ag/organic configuration, all
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Raman/SERS measurements were done with the sample upside-down to minimise variations in
the light intensity incident on the Ag layer (as shown in Figure 7.7. Organic film thicknesses
were measured using a Dektak profilometer, but for films of < 10 nm thickness AFM was used
for greater accuracy.
Sample Materials Wavelength Laser Power Acquisition Time
Series (nm) (mW) (sec)
M PC70BM 488 0.45 30
N PTB7 488 0.45 30
O PTB7:PC70BM 488 0.45 30
P PTB7:PC70BM 488 0.45 30
U P3HT 488 0.045 30
W PEDOT:PSS/P3HT 488 0.09 30
X P3HT 457 0.08 30
488 0.45 30
514 0.11 30
633 0.063 5
785 1.3 30
Y F8TBT 488 0.45 30
Z P3HT:F8TBT 488 0.45 30
  Rho-6G 488 0.9 60
Table 7.2: Summary of the laser conditions used to obtain Raman and SERS spectra for each
series of samples, depending on the materials and film thicknesses used.
7.3 The SERS substrate
If we are to apply SERS to the study of interfaces in organic films made for OPVs, we must
consider the e↵ect that introducing the metal layer will have on the organic film. As described in
Chapter 3, the highest enhancement factors (EFs) come from regular metallic structures, such as
nanoparticles and nano-triangles. These structures typically have diameters of 10-100 nm,5 on a
similar length scale to the thickness of the active layer we are intending to probe. Consequently,
we would expect the introduction of such a structured substrate to have a profound impact on
the morphology of the active layer, making it less representative and defeating the purpose of
this investigation. In order to avoid this, we instead created a relatively smooth layer of silver
(⇠7 nm thick) via thermal evaporation to act as the SERS substrate. At slow evaporation
speeds, ⇠0.15 A˚/sec, the resulting surface morphology (an example is shown in Figure 7.3)
appeared nanoparticle-like, exhibiting circular features approximately 25-50 nm in width and
2-6 nm in height. The measured surface roughness is only ⇠1 nm, comparable to that of an ITO
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substrate, and is expected to have a relatively minor impact on bulk or interface morphology of
the organic film.
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Figure 7.3: 1x1 µm AFM image of an evaporated Ag surface used for SERS (evaporation
#19). Two height profiles with di↵erent horizontal scales are intended to demonstrate the
typical widths and heights of the surface features.
Although the evaporated surface shown in Figure 7.3 was not very rough, the Ag layer still
exhibits a distinctive plasmon resonance peak in its optical properties, appearing as an increase
in extinction (decreased transmittance) around the resonance wavelength  LSP of ⇠540 nm
(see Figure 7.4a). This is due to both increased absorption and reflectance at resonance, and
Figure 7.4a shows that absorption accounts for a greater fraction of light lost (except at long
wavelengths when scattering dominates). The resonance peak was very broad, with a full-width-
half-maximum (FWHM) of 355 nm, which leads to a very low resonance quality factor Q of 1.5,
estimated by the ratio of  LSP to FWHM.5 The low quality of the resonance peak is attributed
to the non-periodic nature of the evaporated surface, which displays a large variation in feature
size and shape, and leads to a broad distribution of possible resonances. By comparison, an
example given in Principles of Surface-Enhanced Raman Spectroscopy, by Le Ru and Etchegoin,
describes the resonance peak for uniformly sized silver nanoparticles immersed in water having
a calculated  LSP of 387 nm and a FWHM of only ⇠9 nm, leading to Q ⇡ 44.5 A well-
defined sharp resonance peak is essential for any application of SERS that monitors the shift of
LSPR frequency to detect adsorbed molecules, but for our application, using SERS to selectively
enhance scattering from interfacial molecules in blend films, we are focused on obtaining a strong
resonance at a chosen excitation wavelength. The peak presented in Figure 7.4 is expected to
be resonant across the entire visible spectrum, but two available excitation wavelengths (488
and 514 nm) are particularly close to the maximum and will be most e↵ective for SERS.
As described earlier in this Chapter, one of the goals of this investigation is to study the e↵ect of
thermal annealing on interfacial morphology in blend films. Consequently, we must also consider
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Figure 7.4: a) Transmittance, reflectance and absorptance spectra for a ⇠7 nm thick Ag layer
on Quartz, exhibiting a strong plasmon resonance peak around 540 nm. b) Comparison of
transmittance for Q/Ag before and after thermal annealing at 140 oC.
how thermal annealing will a↵ect the Ag layer. When a Q/Ag substrate was treated with 10
minutes of annealing at 140 oC (under inert atmosphere), there was a marked e↵ect on the
plasmon resonance peak shown in Figure 7.4b. The maximum was blue-shifted by 59 nm, from
541 to 482 nm, and the peak became narrower, with FWHM reduced by 101 nm from 355 to
254 nm, leading to an increase in quality factor Q from 1.5 to 1.9. This can be understood as a
reconfiguring of the surface structure through atomic di↵usion, subsequent AFM scans revealed
that the annealed surface showed reduced feature sizes and surface roughness. The annealed
layer still has a very strong extinction at 488 nm, very similar to that of the as-evaporated layer
(see Figure 7.4), and we expect to get a similar degree of enhancement from both substrates
using that excitation wavelength.
A significant limitation in this method for manufacturing SERS substrates is the inherent varia-
tion between evaporations done at di↵erent times. This variation arises from small fluctuations
in evaporation rate and di↵erences in pressure and temperature, all of which influence how the
atoms are deposited, and in the natural aging of the quartz crystal monitors used to measure
the thickness of deposited material. Consequently, even though each evaporation was stopped
once exactly 7 nm of Ag had been deposited according to the monitor, actual thicknesses (as
measured by AFM) ranged between 6 and 12 nm. Figure 7.5 demonstrates that the di↵erent
evaporations used in this study exhibited a range of plasmon resonance peaks, varying in  LSP
from 453 to 541 nm and in quality factor Q from 1.4 to 2.2. However, in the critical range that
will a↵ect our SERS measurements (from 488 to 535 nm, equivalent to a Raman shift of 0 to
1800 cm 1), there was relatively less variation in extinction and consequently the substrates
should exhibit similar plasmon intensities. By accounting for the di↵erence in transmittance
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between evaporations, using the methodology described in Section 7.4, it should be possible to
compare SERS values for di↵erent sample sets.
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Evaporation # Thickness Roughness  LSP FWHM Quality Factor
(nm) (nm) (nm) (nm) Q
17 541 355 1.5
18 473 210 2.2
19 7.6 0.92 491 339 1.4
21 8.6 466 258 1.8
22 6.8 0.90 453 208 2.2
23 6.0 0.53 512 298 1.7
26 11.73 0.87 482 218 2.2
Figure 7.5: a) Transmittance spectra for Q/Ag substrates from several di↵erent evaporations,
showing variation in plasmon resonance wavelength and FWHM. b) Wavelength-dependent
extinction correction factors for the same substrates, plotted against Raman shift from 488
nm excitation. c) Table of optical and surface properties for each evaporation, according to
transmittance spectroscopy and AFM. Optical measurements were done right-way-up.
Once the Ag layer has been characterised, we must consider how to apply SERS methodology
to the analysis of interfacial properties in thick films.
7.4 A Model Approach to SERS of Organic Thin Films
In a typical application of SERS, the analyte is either in solution or adsorbed to the metal
surface as a monolayer. This neatly avoids any concerns about the distance dependence of
enhancement, and the numbers of molecules within the focal volume that are involved in Raman
or SERS scattering are well-defined by concentration and surface coverage respectively. This
allows for a simple calculation of the single-molecule enhancement factor (smEF) from Raman
and SERS intensities, according to Equation 7.1.
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smEF =
ISERS
IRS
Nbulk
Nsurf
(7.1)
Using this methodology, it is possible to estimate the magnitude of enhancement produced
by our evaporated silver substrates, and compare it to literature values. The organic dye
molecule Rhodamine-6G was deposited onto the substrate via drop-casting from su ciently
dilute solution (2.1⇥10 7 mol/L) to ensure the formation of a sub-monolayer.151 This simplifies
the calculation of EF immensely, as when all molecules are directly interacting with the surface,
both Nbulk and Nsurf are equal and determined by the overall surface coverage. Thus EF
becomes equal to the ratio of SERS and Raman intensities, which were measured under inert
atmosphere to reduce photo-degradation. However, the monolayer proved to be undetectable
via its Raman scattering except under SERS conditions (see Figure 7.6), even at maximum
laser power and long acquisition times. The SERS spectrum displays distinctive peaks at 1233
cm 1, 1396 cm 1, three around ⇠1600 cm 1, and one at 1663 cm 1. These positions were
slightly shifted (±6 cm 1) with respect to values typically reported for Rhodamine-6G in the
literature,152 and compared to literature spectra the SERS intensities were markedly higher for
those modes around ⇠1600 cm 1 relative to all other modes. Without a Raman spectrum to
directly compare to under the same excitation conditions, it is di cult to assign these variations,
but this should not a↵ect the calculation of EF.
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Figure 7.6: Raman and SERS spectra for a monolayer of Rhodamine-6G, taken on top of bare
quartz and silver respectively, after background subtraction. Inset: a close-up of the Raman
spectrum around 1600 cm 1, showing only random noise (±200 counts) and no detectable
Raman peaks.
However, due to the undetectable Raman spectrum it was not possible to calculate a true
EF for Rhodamine on the evaporated silver surface, though a lower limit to EF can still be
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estimated. The apparent background noise (±200 counts) gives a detection threshold of ⇠ 400
counts, above which any Raman peaks have been observable, and thus the maximum Raman
intensity must have been < 400 counts. As the SERS intensity reached 1.83 ⇥ 105 counts
at 1596 cm 1, the EF for Rhodamine on the evaporated silver surface can be calculated to
have a minimum value of 459 for that particular vibrational mode. The low magnitude of
this enhancement, compared to values of ⇠106 for molecules on electrochemically roughened
silver and ⇠109 for silver nanoparticles,5 indicates that the evaporated silver surface is far from
optimal for maximising SERS due to its relative smoothness. It’s important to note that the
goal of this work is not to achieve single molecule detection, or merely high EFs, but to study
interfacial morphology without disrupting it. Therefore we can accept low EFs as long as we
are still able to discern a SERS spectrum dominated by scattering from the interface.
A significant issue in applying SERS to films of semiconducting polymer is the ratio Nbulk/Nsurf
cannot be calculated. The total number of scattering centres is unknown, as both the length of a
polymer chain and number of scatterers (chromophores) per chain is variable. By the same token
the number of scatterers being enhanced is unclear, and for films thicker than a monolayer there
will be additional chromophores further from the silver surface but still within the enhanced
electric field, experiencing a reduced EF compared to those in the initial monolayer (as was
illustrated in Figure 3.9).
Instead, we propose to describe SERS in organic films by dividing all molecules into two regions:
an interfacial layer, which is close enough to the silver to experience surface enhancement (where
smEF >> 1); and the bulk of the film, which does not (smEF = 1). By this definition, the
thickness of the interfacial layer will be determined by the decay length of the enhanced electric
field,  ; while the bulk thickness will be L  , based on the total film thickness L. In the absence
of the silver substrate and corresponding enhancement of the interfacial layer, the intensity from
each layer, Iint and Ibulk, will be proportional to its thickness,   or L   :
Iint = I0 ⇢A 
Ibulk = I0 ⇢A(L   )
(7.2)
where I0 is the incident light intensity,   is the Raman scattering cross-section, ⇢ is the density
of scattering molecules and A is the laser spot area, which are all considered to be uniform
across both the interface and bulk. This assumption regarding the number of molecules per
unit volume, ⇢, works for neat films but does not hold for blends, where composition can vary
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throughout the film; and will form the basis of using SERS to investigate interfacial composition
later in the Chapter.
In the absence of the silver substrate, the total Raman intensity will be equal to the sum of
the intensities from the interface and bulk layers, Iint and Ibulk. In the presence of the silver
substrate, the interfacial contribution is enhanced by the factor EFint, which represents the
average smEF for all molecules within a distance of   from the surface. Furthermore, for films
where L >   the total SERS intensity must include a non-negligible Ibulk contribution, due to
scattering from those molecules in the rest of the film that are not enhanced.
IRS = Iint + Ibulk
ISERS = EFintIint + Ibulk
(7.3)
Based on this simplified description of the two intensities, the ‘apparent’ EF determined by the
experimental values of IRS and ISERS , which both depend on film thickness through Ibulk, can
be related to the ‘interfacial’ EF as follows:
EFapp =
EFintIint + Ibulk
Iint + Ibulk
(7.4)
Using the definitions of Iint and Ibulk based on   and L, Equation 7.4 can be rearranged to
obtain:
EFint = 1 +
1
 
(EFapp + 1) (7.5)
and it becomes possible to calculate a thickness-independent ‘interfacial’ EF from the experi-
mentally measured ‘apparent’ EF. The calculated values represent, phenomenologically speak-
ing, the average EF that would be obtained from the ratio ISERS/IRS for a film of thickness
 , but neatly avoids any impact on morphology that may result from intentionally depositing
such ultra-thin films. It is important to note that this model overestimates EFint for films that
are thinner than  , but as values of   reported in the literature vary from 5 to 20 nm,5,144
the majority of neat films and blends prepared used in this work will be in the regime where
L >>  .
We can then extend to model to studying chemical composition at the interfaces of blend films,
provided that the constituent materials A and B both contribute to Raman scattering and have
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detectable peaks. By deconvoluting the blend spectrum through linear fitting, the fractions of
total intensity contributed by A and B can be separated, and are defined as ↵ and   respectively.
The relative intensities of A and B under normal Raman conditions will be proportional to their
relative concentration in the bulk, NA/NB, and their relative Raman scattering cross-sections,
 A/ B. Expressed in Equation 7.6, known values of ↵,   and  A/ B can therefore be used to
determine the composition of a blend from its Raman spectrum. When considering the bulk
composition according to a normal Raman spectrum, the EFA/EFB term can be ignored as
EF = 1 in the absence of enhancement.
NA
NB
=
↵
 
⇥  B
 A
⇥ EFB
EFA
(7.6)
The final term in Equation 7.6 was originally included in the model because we found that neat
materials can give quite di↵erent EF values under the same SERS conditions, as will be shown
later. This was to be accounted for, using the ratio of EF values for neat films of A and B that
were measured experimentally under the same conditions (i.e the same sample configuration).
However, when we examined blends in Section 7.6 we found that there was strong experimental
evidence that blended materials could exhibit enhancement with magnitudes far beyond the
possible range of values that could be explained by interfacial composition, which meant that
calculated compositions were only sensible if the EFA/EFB term was ignored.
For this model to work, there are a number of parameters that need to be established:
• The first issue to consider is how the layered structure of a Q/Ag/organic or Q/organic/Ag
sample influences both Raman and SERS intensities. As described in Chapter 3, both
Raman scattering and the enhanced electric field are dependent on incident light intensity,
and so measured values may be a↵ected by any preceding layers that attenuate the incident
beam through absorption, scattering or reflection.
• Then we must address how far the enhancement e↵ect reaches into the organic film, defined
as the decay length  . This will determine the thickness of the interfacial layer we are
probing using SERS and is essential to calculating EFint.
• Finally we must test the reliability of this model and whether it can account for variations
in film thickness, so that EF values can be compared between di↵erent films and di↵erent
compositions.
The goal of this Section is to address these issues in order to develop a model for reliably
analysing Raman/SERS spectra from organic films and ultimately blends.
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7.4.1 Accounting for Transmittance
Because we intend to investigate the interfacial properties at both the top and bottom of the
organic film, two di↵erent sample structures were used: top-contact and bottom-contact (see
Figure 7.2). In order to ensure a reliable degree of surface enhancement in both configurations,
the light intensity incident on the metal layer must be as consistent as possible between samples.
Absorption by the organic film was side-stepped by turning bottom-contact samples upside-down
for both Raman and SERS measurements, so that the incident beam instead passes through
the relatively transparent quartz substrate first. For silver layers of <10 nm, a similar electric
field enhancement is predicted to occur on both sides of the silver layer.153
A consequence of this is that for both configurations, we must still account for light intensity
changes due to absorption and reflection by preceding layers such as silver or quartz. This
means that the model, which assumed a consistent incident intensity I0 for both Raman and
SERS measurements, will underestimate EF unless the transmittance losses are accounted for.
Figure 7.7 illustrates the various optical parameters involved in determining intensity, for both
top- and bottom-contact sample configurations.
Figure 7.7: Illustration of transmittance e↵ects on intensities, in both top-contact (left) and
bottom-contact (right) sample configurations. T , R and A refer to transmittance, reflectance
and absorption respectively, expressed as fractions at either the excitation wavelength  0 or the
Raman-shifted wavelength  v.
As shown in Figure 7.7, the incident light intensity I0 is attenuated by the transmittance T of
any preceding layers, such as quartz or silver, before reaching the organic film. As the Raman
scattered intensity from the organic film is proportional to incident intensity (Equation 7.2), it
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will also be reduced by the transmittance at the excitation wavelength: T ( 0). However, back-
scattered light must also be attenuated by the same layers before it reaches the collection optics.
As this occurs at a Raman-shifted wavelength, the transmittance will be slightly di↵erent: T ( v).
The experimentally measured Raman and SERS intensities will therefore depend not only on
surface enhancement (where EFint = 1 for Raman) but also on the optical properties of any
preceding layers. This can be corrected for in each measurement by dividing the apparent
intensity by the appropriate transmittance factor Fcorr, which has the general formula:
Fcorr = T ( 0)⇥ T ( v) (7.7)
where T is the fraction of incident light transmitted by a particular layer at a given wavelength.
The application of Equation 7.7 will vary between Raman and SERS measurements, and between
top- to bottom-contact sample configurations (as illustrated in Figure 7.7).
A minimal correction is required for Raman measurements: for top-contact samples there is no
loss of incident or scattered intensity (no preceding layers) and so the transmittance factor is
considered to be 1. For bottom-contact measurements it will be dependent on the transmit-
tance of the quartz substrate only (TQ). The Raman factors are therefore defined according to
Equation 7.8.
F topRS = 1
F bottomRS = TQ( 0)⇥ TQ( v)
(7.8)
For SERS measurements, we must account for the transmittance of the silver layer in both
sample configurations. For top-contact samples, the factor is derived from transmittance of the
silver layer only (TAg); while for bottom-contact samples it is derived from the total transmit-
tance of the silver layer and quartz substrate (TQ/Ag). Thus the SERS factors are defined by
Equation 7.9.
F topSERS = TAg( 0)⇥ TAg( v)
F bottomSERS = TQ/Ag( 0)⇥ TQ/Ag( v)
(7.9)
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The Raman factors were both consistent between sample sets and across Raman shifts, as quartz
has a reliable transmittance of 0.934 between 480 and 535 nm (equivalent to -300 to 1800 cm 1);
but SERS factors had to be calculated for each evaporation (see Figure 7.5) due to di↵erences in
their transmittance spectra. The calculated factor Fcorr for both top- and bottom-contact SERS
measurements varied slightly with Raman shift (i.e. wavelength) as demonstrated in Figure 7.8
for evaporation #17, with average values of 0.240 and 0.264 respectively. The variation with
Raman shift arises from small changes in silver transmittance between 480 and 535 nm, due to
the position of the plasmon resonance at 540 nm. In general, we can conclude that the apparent
SERS intensity measured experimentally is reduced to roughly ⇠ 14 of what it would be if there
was no absorption, and can correct for this accordingly using the Raman shift-dependent factor
Fcorr(v) and Equation 7.10.
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Figure 7.8: a) Transmittance spectra for bare quartz and a Q/Ag reference sample from
evaporation #17, measured both right-way-up and upside-down. b) Correction factors plotted
against Raman shift according to Equation 7.7, for Raman and SERS measurements of top-
and bottom-contact structures, assuming an excitation wavelength of 488 nm.
ItrueSERS =
IappSERS
Fcorr(v)
(7.10)
It is worth noting that this methodology has some limitations: Transmittance is assumed to
completely account for any losses due to both absorption (A) and reflectance (R), provided
that an integrating sphere is used for the measurement. The distribution of electromagnetic
intensity is also assumed to be independent of organic film thickness, as the films are much
thinner (L < 100 nm) than the incident or scattered wavelengths and are not expected to
create coherent reflection that might lead to a photonic structure or optical interference e↵ects.
Finally, in order to estimate the transmittance of only the silver layer (without quartz substrate),
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the total transmittance of the Q/Ag reference sample was treated as a simple product of the
transmittances for individual layers, and so was divided by TQ to obtain TAg.
Now that transmittance losses can be accounted for, it should be possible to obtain realistic
IRS and ISERS values in order to calculate EF.
7.4.2 Defining Enhancement
The next issue is finding the decay length of the electric field enhancement, in order to establish
the thickness of the interfacial layer being probed. To this end, we prepared a set of samples
(Series W) with the structure Q/Ag/PEDOT:PSS/P3HT (illustrated in Figure 7.10b). By spin-
coating from di↵erent solution concentrations, the thickness of the PEDOT:PSS spacer layer
ranged from 2.2 to 41 nm, and thus the distance between the silver surface and the P3HT
layer was intentionally varied. Each substrate was characterised by AFM prior to deposition of
P3HT, in order to establish the surface coverage and degree of planarisation by PEDOT:PSS
(see Figure 7.9). The substrate surface roughness generally decreased with increasing spacer
layer thickness, from ⇠1 nm to ⇠0.6 nm between thicknesses of 0 and 25 nm, but then increased
again (to 0.8 nm) for even thicker layers.
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Figure 7.9: AFM images (a-d) and representative surface profiles (e-h) for Q/Ag/PEDOT:PSS
substrates with PEDOT:PSS thicknesses of 0 nm, 4.8 nm, 8.6 nm and 27 nm (from left to right).
All AFM images are 1x1 µm with vertical scales of 10 nm.
The thickness of the P3HT layer was kept at ⇠10 nm to ensure a consistent Raman intensity
across all samples. Without the spacer layer, P3HT was directly spin-coated onto the substrate
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(both silver and non-silver regions) and there was a large di↵erence in scattered intensity between
normal Raman and SERS conditions (shown in Figure 7.10a). The integrated intensity of the
C=C peak at 1450cm 1 was 6.04 ⇥ 105 counts without silver (Raman), which was increased
to 1.04⇥ 107 counts on top of silver (SERS). Based on these values, which had been corrected
using the appropriate transmittance factor Fcorr( ), the enhancement factor (EFint) for the
C=C peak was calculated to be 17.3⇥ ±2.6.
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Figure 7.10: a) Raman and SERS spectra for P3HT films on Ag, separated by PEDOT:PSS
spacer layers that were 0, 4.8 and 8.4 nm thick, demonstrating di↵erences in SERS intensity.
Inset: Raman and SERS spectra after normalisation. b) Diagram illustrating the architecture
for these samples. c) Integrated Raman and SERS intensities plotted against spacer layer
thickness, after transmittance correction.
With the introduction of a 4.8 nm thick PEDOT:PSS spacer layer, the Raman intensity was
unchanged (6.04⇥105 counts) but the SERS intensity was reduced to 2.13⇥106 counts, resulting
in a much lower EFint of 3.5⇥ ±0.16. Increasing the thickness of the spacer to 8.6 nm produced
a further reduction in ISERS to 6.40 ⇥ 105 counts and therefore reduced EF to 0.92⇥ ±0.15,
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indicative of no surface enhancement. Thicker spacers of 13 nm to 44 nm produced EF values of
0.81⇥ to 0.51⇥, leading to the conclusion that surface enhancement only extends to molecules
within roughly 9 nm of the silver layer. A more accurate estimation, based on linear fitting of
EF values for 11 samples with di↵erent spacer thicknesses (see Figure 7.11) gave the distance
limit of enhancement to be 7.6 ±0.2 nm. This value equates to the decay length   and thus the
interfacial layer thickness being probed by SERS.
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Figure 7.11: EF values (adjusted for transmittance) for a ⇠10 nm thick layer of P3HT plotted
against PEDOT:PSS spacer layer thickness.
It was not possible to fit these EF values using the EF = 1/(a + d)12 function predicted by
theory, but a reasonable fit was obtained using an exponential decay function (the blue curve
in Figure 7.11), expressed in Equation 7.11. This gave a decay length   of 3.0 ±0.3 nm, with
95% of enhancement occurring within 8.97 nm.
EF = 0.518 + 18.6exp
⇣ d
3.00
⌘
(7.11)
Compared to electric field enhancement decay lengths reported in the literature, a value of
7.6 nm is a very reasonable estimate. Furthermore, it represents the decay of electric field
enhancement through an organic medium with a very typical dielectric function (✏ ⇡ 2.56 for
PEDOT:PSS) and thus should be representative of enhancement decay through any of the other
organic materials we will be investigating later in this chapter.
Interestingly, despite its close proximity to the silver surface there were no Raman peaks from
PEDOT:PSS apparent under SERS conditions. This is because the signal from PEDOT:PSS
is much, much weaker than that of P3HT under resonant excitation (i.e. 488 nm). We also
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noted that EF values of < 1 were obtained with thick PEDOT:PSS layers, which cannot be
attributed to any chemical interactions between PEDOT:PSS and P3HT but may indicate that
PEDOT:PSS thickness is a↵ecting the optical field intensity within the P3HT layer.
As shown in the insets of Figure 7.11, between Raman and SERS spectra there was a shift of
the C=C peak towards higher wavenumbers, a shift that was only apparent when the spacer
thickness was small enough to allow enhancement of P3HT. For the first sample, without the
spacer layer, the peak was shifted from 1453.5 to 1459.6 cm 1 under SERS conditions, as the
spacer thickness increased up to   = 7.6 nm, the extent of the shift decreased towards zero and
a consistent C=C peak position of 1452 cm 1. The change closely matches what we observed
in Chapter 5 for disordered P3HT, where a shift of the C=C peak towards higher wavenumbers
is due to a more twisted conformation of the conjugated backbone and results in a greater
localisation of electron density and a higher vibrational frequency. We conclude that the use of
SERS is selectively probing a disordered interface, where confinement in proximity to a rough
surface disrupts the organisation of P3HT chains, as has been reported before.81
This method for ascertaining the vertical resolution of SERS (by varying spacer thickness) has
been previously applied to bilayers of organic semiconductors (a polymer/polymer system of
F8BT and PFB) but their final definition was limited in its accuracy to <20 nm.144 Here we
have obtained a much more accurate value for the resolution, that is closer to SERS decay
lengths measured by other methodologies in other research fields, and we have demonstrated
that SERS is very surface-sensitive technique, probing only the first ⇠7.6 nm of the organic
film.
7.4.3 Testing the Model
Having established a value for the thickness of the interfacial layer being probed, it is possible
to use the proposed model (Equation 7.5) to obtain more realistic EF values, even for optically-
thick films relevant to OPV manufacture, and compare values between films prepared under
di↵erent fabrication conditions.
In order to test the reliability of the model, we spin-coated P3HT films from solutions of varying
thickness directly onto silver (evaporation #19, sample series U). The final film thickness was
approximately proportional to initial concentration, and ranged from 3.0 nm (0.166 mg/mL)
to 85 nm (20 mg/mL) according to AFM. All samples were measured upside-down, and EF
values were calculated after adjusting intensities using the appropriate transmittance factor.
Figure 7.12a demonstrates that the adjusted EF appeared to follow an exponential decay curve,
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starting at an EF of 119⇥ for the 3.0 nm thick film and approaching an asymptotic value of
9.0⇥ for su ciently (>20 nm) thick films.
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Figure 7.12: EF values (adjusted for transmittance) for P3HT layers of varying thickness
deposited on Q/Ag.
EF values were then corrected for thickness to obtain EFint, using Equation 7.5 and   = 7.6
nm, and plotted in Figure 7.12b. If done properly, the resulting values should be independent
of thickness, with a consistent value equal to the apparent EF that would be obtained for a film
of thickness L =  . For P3HT films with thicknesses of up to 50 nm, the calculated EFint values
ranged between 30 and 60, resulting in an average EFint of 46.5⇥ with a standard deviation of ±
9.3. The average value agrees well with the apparent EF for L =   predicted by the exponential
decay curve. The variation around the average was significant and appeared to be somewhat
periodic, but it is worth noting that the average fell within the margin of error for approximately
half of the calculated EFint values. A single outlier was observed: the thickest film (85 nm)
exhibited a much higher EFint of ⇠122⇥. This outlier, and the semi-periodic variation in EFint,
suggest that there is an additional thickness-dependent photonic structure e↵ect we have not
accounted for.
It is worth reconsidering two of the assumptions we started from when devising the model,
namely: that light absorption by the organic film has a negligible e↵ect on Raman or SERS
intensity; and that the films are too thin to a↵ect the distribution of electromagnetic field
intensity throughout the film. However, the di↵erent trends in predicted intensities between our
absorption-free model (given by Equations 7.2) and one that included absorption was insu cient
to explain the oscillation in EFint or the outlier at 85 nm.
In general, the model appears to work. Despite the apparent EF varying by an order of magni-
tude between samples of di↵erent film thicknesses, the correction led to most EFint values being
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within a margin of error of the expected value. Despite certain flaws, which will require a more
detailed analysis to be accounted for, it should be possible to apply this model to real material
systems in order to permit the comparison of EF across di↵erent samples and architectures.
7.5 SERS of P3HT:F8TBT
The first system we intend to study using SERS is a polymer:polymer blend of P3HT and
F8TBT. According to McNeill et al. this particular blend of materials exhibits an e ciency that
depends strongly on whether thermal annealing is done before or after deposition of the top metal
electrode onto the blend.80 In their 2008 paper, the e ciency was slightly improved from 0.14%
to 0.19% by pre-annealing, but to a much higher 1.2% when post-annealed. They indicated,
using X-ray photoelectron spectroscopy (XPS), that the blend forms ultra-thin capping and
wetting layers that are both rich in P3HT, similar to those reported for blends of F8BT and
PFB.141,144 This makes it an ideal test for the use of SERS.
Samples in this Section were prepared as either top-contact or bottom-contact according to
Figure 7.2, in order to investigate top and bottom interfaces separately. For both configurations,
samples were either as-cast or thermally annealed, and for the top-contact samples annealing
was done either before or after evaporation of the capping silver layer, to compare the e↵ect of
pre- and post-annealing on the top interface of the organic film.
7.5.1 Neat Films
In order to achieve a quantifiable measurement of interfacial composition in blends, we must
first characterise the behaviour of the neat materials under both Raman and SERS conditions
in each of the five sample configurations being investigated. This way we can account for any
spectral variations that result from changes in bulk (Raman) or interface (SERS) morphology
as a result of annealing; and develop an understanding of how these materials behave under
surface enhancement in each of the five sample configurations.
Raman and SERS spectra were measured for each sample (in non-silvered and silvered regions
respectively) and intensities were adjusted to account for transmittance according to the model
described in Section 7.4. For each peak, the ratio of integrated intensities was used to obtain
an apparent EF, which was then corrected to obtain an Interfacial EF independent of film
thickness, according to Equation 7.5.
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Figure 7.13: a-e) Normalised Raman and SERS spectra for thin films of neat P3HT (Series X)
in 5 di↵erent sample configurations. f) Normalised Raman spectra for all films, demonstrating
di↵erences in bulk morphology between configurations.
The normalised Raman spectra for neat P3HT presented in Figure 7.13f were identical for as-
cast top-contact and bottom-contact sample configurations, exhibiting C=C peaks positioned
at 1450 cm 1 with FWHM of 36 cm 1. This was because Raman measurements were taken
of non-silvered regions in each sample, e↵ectively meaning both samples had the same local
configuration of Q/P3HT and therefore the bulk film morphologies measured by Raman should
be the same. The calculated degree of molecular order was 0.95 ±0.01, comparable to that
reported previously for neat P3HT in Chapter 5. We conclude that the di↵erent deposition
conditions used in this Section (films were deposited from hot p-xylene rather than chloroben-
zene) had no negative e↵ect on molecular order. The use of p-xylene was intended to replicate
the experimental conditions used in the literature to make P3HT:F8TBT devices, which will be
discussed later.80,154
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As illustrated in Figure 7.13f, thermal annealing led to a slight narrowing of the Raman C=C
peak (FWHM reduced to 34 cm 1) and a slight shift of position to lower wavenumbers (1449
cm 1), indicative of increased molecular order (1.0). This agrees with what we observed previ-
ously for annealed P3HT films deposited from chlorobenzene, and is attributed to a reorgani-
sation of P3HT that occurs once it is heated above its glass transition temperature, Tg ⇡ 12-20
oC.111,112 Again, because Raman measurements were done in the absence of the silver layer,
pre- and post-annealed top-contact samples were expected to be e↵ectively equivalent in their
processing (i.e. annealed Q/P3HT) and were found to exhibit bulk morphologies with identical
degrees of molecular order according to their spectra in Figure 7.13f.
We then considered the same P3HT films under SERS conditions, both in top-contact (Figures
7.13a-c) and bottom-contact (d-e) sample configurations. Every sample exhibited a much more
disordered SERS spectrum: the C=C peak was broader and shifted to higher wavenumbers,
while the C-C peak at 1380 cm 1 had a lower relative intensity. This follows what was observed
for P3HT under SERS conditions previously in Section 7.4, and can be understood as the se-
lective probing of a disordered P3HT/Ag interface (see Figure 7.14). The top-contact sample
exhibited marginally more disorder than the bottom-contact sample: having a C=C peak posi-
tion of 1461 cm 1 compared to 1457 cm 1, and FWHM of 41 cm 1 vs 40 cm 1. The calculated
degrees of molecular order were 0.68 and 0.69 for top and bottom interfaces respectively, within
the error of our calculation method (±0.02).
Greater disorder at the top interface may be evidence that the thermal evaporation of silver
atoms onto the organic film damages it or otherwise alters its morphology, but post-annealing
led to only a marginal increase in the degree of molecular order (0.68 to 0.69) therefore any
damage must have been irreversible. There was also no di↵erence in molecular order between
pre- and post-annealing, even though we consider that if the top-surface is damaged during
evaporation, there would have been a corresponding loss of order in the pre-annealed film
after the evaporation. When considering the slow evaporation rate used (⇠0.15 A˚/sec), we
conclude that the silver evaporation had a minimal e↵ect on morphology at the top of film.
Furthermore, post-annealing the bottom-contact sample resulted in the C=C peak shifting
from 1457 to 1460 cm 1, with a corresponding decrease in molecular order from 0.69 to 0.65
for the bottom interface. Although both top- and bottom-contact samples exhibited identical
C=C peak positions after post-annealing, there was still a ⇠0.04 di↵erence in molecular order
(due to di↵erent FWHM) with the top interface appearing more ordered than the bottom.
Figure 7.14 attempts to express in a more visual manner both the change in peak position be-
tween Raman and SERS, and the magnitude of interfacial enhancement for each P3HT sample.
We found that there was a striking di↵erence in the enhancement observed at the top and bottom
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Figure 7.14: Left: Position of the C=C peak for neat P3HT in 5 di↵erent sample configurations
under Raman and SERS conditions. Interfacial EF values are given by labels and areas of the
red circles. Right: Diagram illustrating di↵erence in molecular order at the top and bottom
interfaces of the P3HT film.
interfaces of the film, which gave values of 29.9⇥ and 43.2⇥ and respectively. We propose this
arises from the greater surface roughness of the silver substrate, creating a stronger plasmonic
field at the bottom interface compared to the top interface (where roughness is determined by
the relatively smooth organic film).
It is worth noting that the bottom-contact EF, 43.2⇥, is a good match to the average EFint
value of 46.5⇥ that was calculated previously for Q/Ag/P3HT samples with varying thickness
(Series U, presented in Figure 7.12), and provides some indication that it is possible to compare
between sample sets across di↵erent evaporations using this method. Further evidence was
provided by P3HT reference samples (both top- and bottom-contact) prepared from the next
evaporation, which was used for the blends. Again there was an excellent registration between
EFs for both configurations across the two evaporations, which had been done on the same day
under the same conditions.
After post-annealing, the magnitude of enhancement was reduced at both interfaces, with EF
decreasing from 29.9⇥ to 20.2⇥ at the top interface; and from 43.2⇥ to 33.2⇥ at the bottom
interface. No such change was observed at the top interface after pre-annealing, which gave
an EF of 29.4⇥, close to the original top interface value. Evidently the decrease in EF during
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post-annealing must arise from a change in either the interfacial structure in the presence of
silver, or a change in the silver layer itself. We noted earlier that thermally annealing the silver
layer leads to a red-shift in plasmon resonance frequency, but as the decrease in EF was not
observed for F8TBT samples prepared using substrates from the same evaporation (see Figure
7.17), we have to conclude that it is a change in the nature of the P3HT/Ag and Ag/P3HT
interfaces during post-annealing.
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Figure 7.15: a) Chemical structure of the F8TBT repeat unit. b) Resonant Raman spectrum
and c) absorption spectrum for a neat F8TBT thin film. Coloured numbers indicate assignment
of major Raman modes to particular vibrations of the polymer backbone.
The next step was to consider neat films of the electron-accepting polymer F8TBT. As shown
in Figure 7.15, the material exhibits a complex Raman spectrum with six major peaks and
several minor ones between 1250 and 1650 cm 1. These modes were assigned to various C=C
and C-C vibrations of the thiophene, benzothiadiazole and fluorene units (referred to herein as
T, BT and F respectively) that comprise the polymer’s repeat unit. The six major peaks were
numbered from low to high Raman shifts, and four were assigned to vibrations of single units:
Peak 1 (1270 cm 1) was the benzene C-H waggling mode of the F unit, Peak 4 (1448 cm 1) was
the C=C stretching mode of the T unit, Peak 5 (1536 cm 1) was the benzene ring stretching
mode of the BT unit, and Peak 6 (1608 cm 1) was the benzene quadrant stretching mode of the
F unit. The remaining peaks were assigned to coupled vibrations of the T and BT units: Peak
2 (1355 cm 1) and Peak 3 (1390) were respectively the symmetric and anti-symmetric forms
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of the C=C mode of the BT unit coupled to the the C-C mode of the T unit. The F modes
of F8TBT were identical to those of a similar polymer F8BT, which lacks thiophene units, but
the BT mode (Peak 5) was shifted by approximately 9 cm 1 towards lower wavenumbers. This
is backed up by DFT simulations, which show that it is delocalisation between BT and T units
that reduces the vibrational frequency of the BT ring-stretching mode.
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Figure 7.16: Distribution of electron density for the LUMO+1 (a), LUMO (b) and HOMO
(c) orbitals according to DFT, showing di↵erent extents of ⇡-delocalisation. d) Variation in
theoretical Raman spectrum with F-BT torsion angle.
The relative intensities of the various Raman peaks can be understood by considering the donor-
acceptor nature of this type of alternating co-polymer. In F8TBT, F units comprise the donor
portion while T and BT units comprise the acceptor portion, leading to a ‘push-pull’ e↵ect
and a new optical transition with strong charge transfer (CT) character at lower energy than
the ⇡-⇡* transition.155 This can be demonstrated by DFT simulations, which show that the
first unoccupied orbital (the LUMO) is localised on the T and BT units, while the second
unoccupied orbital (the LUMO+1) is delocalised along the whole chain (see Figure 7.16). As
has been shown for other donor-acceptor co-polymers, resonant Raman excitation within the CT
absorption band selectively enhances those vibrations associated with the acceptor portion.89
According to the absorption spectrum of F8TBT shown in Figure 7.15c, the low-energy (CT)
absorption peak is around 530 nm and the high-energy (⇡-⇡*) absorption peak is at 370 nm.
Consequently, under 488 nm excitation we are selectively resonant with the CT transition and
as a result the vibrations of the T and BT (acceptor) units appear strongest, while vibrations
of the F (donor) unit are weakest.
With the Raman modes of F8TBT assigned, we can study the spectra for neat films across
the five di↵erent sample configurations used in this investigation. Figure 7.17f demonstrates
that under normal Raman conditions, the five samples all exhibited identical spectra. As with
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Figure 7.17: a-e) Normalised Raman and SERS spectra for thin films of neat F8TBT in
5 di↵erent sample configurations, including EF values for each peak. f) Normalised Raman
spectra for all films, demonstrating no variation with configuration.
P3HT, this agrees with our expectation there should be no variation in the as-cast bulk film
between top- and bottom-contact samples. But unlike P3HT, thermal annealing evidently has
no impact on the vibrational frequencies or relative intensities of the Raman modes for bulk
F8TBT.
When Raman and SERS spectra were compared for each sample configuration, there was a clear
di↵erence between top- and bottom-contact sample configurations. Under SERS conditions the
spectra from top-contact samples (Figures 7.17a-c) were altered slightly compared to normal
Raman: although there were no meaningful changes in peak position, there was an increase in
the relative intensities of Peaks 4, 5 and 6 (at 1448, 1536 and 1608 cm 1 respectively) with
respect to Peak 2 (at 1355 cm 1). This was not apparent for either the as-cast or post-annealed
bottom-contact samples (Figures 7.17d and e), which only exhibited a very slight decrease in
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the relative intensity of Peak 4. Therefore it must be something particular to the top interface
of the neat F8TBT film. Furthermore, the change in relative intensity was observed for all
top-contact samples, whether as-cast, post-annealed or pre-annealed.
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Figure 7.18: Left: Interfacial EF values for the major peaks of neat F8TBT in 5 di↵erent
sample configurations, expressed by the label and area of each circle. Right: Diagram illustrating
the di↵erence in torsion angle at top and bottom interfaces of the neat film.
Interfacial EF values were then calculated for each F8TBT peak separately, indicated by the
labels in Figure 7.17 and more visually in Figure 7.18. We found that at the bottom interface,
the EF for Peaks 1-5 varied between 45.3⇥ and 51.5⇥; while at the top interface it varied
between 34 and 40⇥. The higher EF at the bottom interface agrees well what was observed
for neat P3HT, and further reinforces our proposed explanation that enhancement is inherently
stronger at the bottom Ag/organic interface rather than being specific to a particular organic
material. Peak 6 was a major exception to this rule though: the greater relative intensity of
this mode under SERS conditions at the top interface only (as shown in Figure 7.17) means the
peak also has a correspondly larger EF of 97⇥, compared to 49⇥ for bottom-contact.
The explanation for the singular enhancement of the peak at 1606 cm 1 lies in its assignment
to a vibrational mode of the F unit. As has been reported for a similar polymer, F8BT, the
relative intensities of the F mode at ⇠1608 cm 1 and the BT mode at ⇠1545 cm 1 (1536 cm 1 in
F8TBT) depends strongly on the torsion angle between the two units.126 According to pressure-
dependent Raman studies by Schmidke et al., a larger IBT /IF intensity ratio is indicative of
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a more planar structure, with increasing delocalisation of the HOMO but not of the LUMO
(which remains localised on the BT acceptor unit).156 However, a larger F-BT torsion angle
is associated with better intermolecular electron transport, as it forces neighbouring chains to
stack co-facially, with better overlap between the LUMO orbitals of adjacent BT units.157 DFT
simulations have shown that the same relationship between torsion angle and IBT /IF applies
to F8TBT (shown in Figure 7.16d).
Under Raman conditions all five samples exhibited similar I1536/I1608 ratios of ⇠10 (±0.3), indi-
cating that F8TBT adopts a similar F-BT torsion angle in the bulk of both as-cast and annealed
films. Under SERS conditions, the top- and bottom-contact samples exhibited I1536/I1608 ratios
of 4.4 and 11.1 respectively. This suggests F8TBT adopts a much larger F-BT torsion angle at
the top interface and slightly smaller angle at the bottom interface, compared to the average
angle in the bulk of the film (see illustration in Figure 7.17). This arrangement indicates better
electron transport and extraction from F8TBT at the top interface, which may suit inverted
devices if it is retained within the blend; and a slightly more planar conformation at the bot-
tom interface, which may hinder electron transport and extraction from F8TBT in conventional
devices.126
Figure 7.18 shows that for a top-contact sample, post-annealing resulted in much stronger
enhancement of all peaks: the average EF of Peaks 1-5 rose by 50% from 37.8⇥ to 56.8⇥. Inter-
estingly, Peak 6 exhibited the smallest improvement in EF (38%) and there was a corresponding
increase in I1536/I1608 ratio from 4.3 to 4.5. This indicates that a slightly more planar F-BT
conformation is adopted at the top interface when annealed in the presence of a capping silver
layer, though the variation was very close to the estimated ratio measurement error of ±0.1.
The opposite e↵ect was observed for the bottom-contact sample, as post-annealing reduced the
average EF for Peaks 1-5 by 9.5% from 48.27⇥ to 43.6⇥. There was still an increase in the
I1536/I1608 ratio, from 10.2 to 10.5, suggesting the adoption of a slightly less planar conformation
at the bottom interface after annealing, but the di↵erence in ratio was well within the estimated
error of ±1.0 for those samples. Thus, it seems that post-annealing has little e↵ect on the di↵er-
ence in F-BT torsion angle and chain planarity between the more planar top interface and the
less planar bottom interface, according to their I1536/I1608 ratios of 4.5 and 10.5 respectively.
Pre-annealing was expected to have little e↵ect on EF at the top interface, as was shown
previously with P3HT. However there was a slight decrease in overall EF for F8TBT, with
values for Peaks 1-5 reduced by 0-7%, which may relate to a change in surface roughness at
the interface. There was also no meaningful change in the I1536/I1608 ratio, remaining at 4.3
±0.1, indicating a consistent F-BT torsion angle. It appears that while post-annealing acted to
very slightly increase the planarity of F8TBT chains at the top interface, pre-annealing had no
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e↵ect. In any case, the changes observed were so small that there would be a correspondingly
little impact on charge transport/extraction properties at that interface.
7.5.2 Blend Films
With the behaviour of the neat P3HT and F8TBT characterised under both Raman and SERS
conditions, we then moved on to study blend films. By measuring the relative enhancement of
each material in di↵erent sample configurations, we can determine how the composition of each
interface varies from that of the bulk film.
Figure 7.19a reveals that the blend exhibited a composite Raman spectrum, comprised of over-
lapping peaks from P3HT (at 1379 and 1454 cm 1) and from F8TBT (at 1354 and 1536 cm 1).
The remaining peaks of F8TBT were not apparent due to their overlap with the C-C and C=C
modes of P3HT, and thus it was necessary to deconvolute the spectrum in order to determine
relative intensities. Using neat Raman spectra as references, it was possible to separate the
P3HT and F8TBT contributions to the blend spectrum through linear fitting. The best fit was
obtained when the P3HT contribution was divided into ordered and disordered components
(using RR-P3HT and RRa-P3HT spectra as references) that were allowed to vary separately, as
shown in Figure 7.19. This was a consequence of a reduction in the degree of P3HT molecular
order from 0.95 for neat P3HT to 0.79 for the blend, which shifted the C=C peak to higher
wavenumbers (from 1450 to 1454 cm 1). Similar behaviour was shown in Chapter 5 for blends
of P3HT with PCBM, and is associated with intermixing of the two materials to form an amor-
phous phase that disrupts the orderly organisation of P3HT chains into stacked structures with
more planar conformations.68 Considering that the blends had similar weight ratios (1:1), P3HT
was less disrupted by F8TBT than it was by PCBM, suggesting that the two polymers were
more phase-separated than the polymer:fullerene blend was.
It was not possible to ascertain the e↵ect of intermixing on the F-BT torsion angle of F8TBT, as
the relative intensity of the BT mode at 1536 cm 1 was obscured by overlap with P3HT’s C=C
asymmetric stretching mode at ⇠1520 cm 1 and the F mode at 1608 cm 1 was extremely weak
in the blend. Although the F8TBT spectrum could be separated from P3HT by deconvolution,
the fitted intensities for the two modes could therefore only have the same I1536/I1608 ratio as
that of the F8TBT reference used.
Despite the fact that blend film was prepared with a weight ratio of 1:1, there is a clear disparity
in the Raman intensities produced by the two materials and the blend spectrum was almost
completely dominated by P3HT. Deconvolution gave a more quantitative value: the fitted
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Figure 7.19: Raman (a) and SERS (b) spectra for Q/Ag/P3HT:F8TBT, demonstrating decon-
volution into P3HT and F8TBT contributions. P3HT was fitted using both RR- and RRa-P3HT
reference spectra to account for molecular order changes.
intensities for P3HT and F8TBT were found to be ↵ = 0.914 and   = 0.086 respectively,
expressed as fractions of the total Raman intensity. The explanation for this lies in the relative
magnitude of their Raman scattering cross-sections  , which determine how likely it is that
a given molecule will scatter an incident photon inelastically (i.e. contribute to the Raman
spectrum). Using the known weight ratio of the blend and rearranging Equation 7.6, we can
calculate the relative Raman scattering cross-sections from the fitted intensities ↵ and  . For the
blend in Figure 7.19, we calculate that the cross-section for F8TBT is 0.094 ±0.012 relative to
that of P3HT. A⇠10-fold di↵erence in cross-section is not particularly surprising; under resonant
conditions P3HT has consistently been one of the most strongly Raman-active materials used
in OPVs and many other organic semiconductors (such as PCBM) are almost undetectable in
blends with P3HT (see Chapter 5).68,70
Having found a representative value for the relative cross-section of F8TBT to P3HT (0.102
±0.008), taken to be the average for all five samples, it becomes possible to calculate the
composition of any given blend film using the fitted intensities ↵ and  , and Equation 7.6. This
will prove essential for studying interfacial composition in blend films using SERS.
NP3HT
NF8TBT
=
↵
 
⇥  F8TBT
 P3HT
Figure 7.19 reveals that deconvolution of the SERS spectrum for the same blend film, which was
prepared in a bottom-contact configuration, results in a subtly di↵erent composition. Under
SERS conditions, we observed an increase in the fitted intensity of F8TBT from 0.086 to 0.113,
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suggesting a slightly greater enhancement of F8TBT and therefore a more F8TBT-rich bottom
interface. Using Equation 7.6 to account for the ⇠10-fold di↵erence in cross-section between the
two materials, we find that composition of the bottom interface was indeed slightly F8TBT-rich,
consisting of 44.5% P3HT and 55.5% F8TBT.
We also note that the fit demonstrated a marked increase in disordered component of P3HT
between Raman and SERS conditions, which further shifted the C=C peak from 1454 to 1461
cm 1 and reduced the estimated degree of molecular order from 0.79 to 0.60. This follows the
behaviour observed for neat P3HT under SERS conditions (which exhibited a C=C peak at
1457 cm 1), and likewise we consider this evidence that SERS is selectively probing a very
disordered interfacial morphology.
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Figure 7.20: Normalised Raman (a) and SERS (b) spectra for P3HT:F8TBT blend films in
5 di↵erent sample configurations, displaying variation in the relative intensity of the F8TBT
mode at 1356 cm 1.
Figure 7.20 plots the Raman and SERS spectra for the blend films in all five sample configu-
rations, and shows that under Raman conditions there were some di↵erences in spectrum that
indicate changes in bulk morphology. As expected, there was no di↵erence between the two
as-cast films, but thermal annealing had a profound impact on P3HT molecular order: the
annealed blends exhibited P3HT C=C peaks shifted to lower wavenumbers (⇠1450 cm 1) with
smaller FWHMs (⇠37 cm 1), with a corresponding increase in the relative intensity of the C-C
mode at 1390 cm 1. Post-annealing increased the estimated degree of molecular order from
0.79 to 0.94, while pre-annealing increased it to 0.95, both resulting in deconvoluted spectra
e↵ectively equivalent to that of neat P3HT. We conclude that thermal annealing has acted
to increase phase separation between P3HT and F8TBT, leading to purer P3HT domains of
greater molecular order, as has been observed for P3HT:PCBM blends.70
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While this phase separation is certainly taking place in the bulk of the film, normal Raman
cannot tell us whether annealing a↵ects interfacial composition in the same way. Instead we
must examine the same samples under SERS conditions (Figure 7.20b). There was no apparent
variation in the P3HT C=C peaks of di↵erent sample configurations according to SERS, all
exhibited the same position (⇠1461 cm 1) and FWHM (⇠41 cm 1) that were described earlier
for the bottom-contact Q/Ag/blend sample, with an average degree of molecular order of 0.60
±0.02. However, there was a large variation in the relative contributions of F8TBT and P3HT
that was not apparent under Raman, demonstrated by the relative intensity of the F8TBT
mode at ⇠1359 cm 1 shown in the insets of Figure 7.20. Evidently the relative enhancement of
F8TBT changes dramatically between sample configurations, the first indication that SERS is
probing di↵erent interfacial compositions in each sample. After deconvolution to obtain fitted
intensities and therefore enhancement factors for each material, the composition was calculated
according to Equation 7.6 and tabulated in Table 7.3. In general we found that composition
followed the same trends as the relative intensity of the 1356 cm 1 peak, as the P3HT C=C
peak was the strongest mode in all samples under SERS conditions.
Sample EFP3HT EFF8TBT % P3HT % F8TBT
Q/x/Ag 49.7 12.1 74.5 25.5
Q/x/Ag (post-ann) 37.3 13.1 65.2 34.8
Q/x/Ag (pre-ann) 55.1 5.0 83.3 16.7
Q/Ag/x 57.4 72.0 44.5 55.5
Q/Ag/x (post-ann) 51.4 76.2 38.4 61.6
Table 7.3: Interfacial Enhancement Factors and interfacial compositions for P3HT:F8TBT
blend films in 5 di↵erent sample configurations, according to SERS.
We found that the relative enhancement of F8TBT was significantly higher in the as-cast
bottom-contact sample (Q/Ag/x) compared to the top-contact sample (Q/x/Ag), resulting
in a composition of 55.5% F8TBT at the bottom interface and only 25.5% F8TBT at the top
interface. Immediately this seems to indicate that the P3HT:F8TBT blend is, morphologically
speaking, better suited to inverted device architectures, where electrons will be extracted from
F8TBT at the bottom interface and holes extracted from P3HT at the top interface. This agrees
with the conclusions of Vaynzof et al. who measured interfacial composition using XPS and
UPS and observed a P3HT-rich capping layer at the top surface of these blends, but not with
their observation that there was no F8TBT-rich wetting layer at the bottom of the blend.154
However, an interfacial composition that varies by only ⇠5% from that of the bulk may not
have been detectable using their techniques. Furthermore, the direction of separation follows our
understanding that during deposition from solution, the high surface-energy material (F8TBT)
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will be preferentially attracted to the high surface-energy (substrate) interface, while the low-
energy material (P3HT) is preferentially attracted to the low-energy (air) interface, according
to the middle illustration in Figure 7.21. Although the identity of the substrate was quartz for
top-contact samples and silver for bottom-contact samples, both have high surface energies and
are expected to have a similar e↵ect on the direction of phase separation.
Annealing was found to have a significant impact on interfacial composition, and strongly de-
pended on the sample configuration. When a bottom-contact sample was post-annealed, it
resulted in a stronger enhancement of F8TBT and a weaker enhancement of P3HT (Table 7.3).
We estimated the F8TBT composition of the bottom interface had increased from 55.5% to
61.6% as a result of post-annealing. This was consistent with reorganisation of the film towards
greater phase separation, and agreed with earlier Raman observations that annealing led to
improved P3HT molecular order in the bulk film (Figure 7.20). When a top-contact sample
was post-annealed, there was a similar change in relative enhancement factors that indicated a
higher F8TBT content at the top interface, increasing from 25.5% to 34.5%. Evidently there is
a preferential di↵usion of F8TBT towards the silver interface during annealing, whether it is at
the top of the film or the bottom, which may be attributed to its high surface energy (see Figure
7.21, right). This was confirmed by examining the pre-annealed film: weaker enhancement of
F8TBT and stronger enhancement of P3HT revealed that, when annealed in the absence of
silver, the top interface becomes less rich in F8TBT (decreasing from 25.5% to 16.7%). This
can be understood as a preferential di↵usion of P3HT rather than F8TBT towards the top of
the film (Figure 7.21, left), as at the time of the anneal it was still a low surface-energy air
interface rather than a high surface-energy silver interface.
We can conclude that a 1:1 blend of P3HT:F8TBT naturally forms two interfacial layers during
deposition, with a capping layer very rich in P3HT at the top of the film and a wetting layer
slightly rich in F8TBT at the bottom of the film. Such a distribution of material is expected
to better suit inverted device architectures, where electrons are extracted from F8TBT at the
bottom of the film and holes are extracted from P3HT at the top. It was possible to modify
the interfacial compositions through thermal annealing, but it strongly depended on whether
the film was pre- or post-annealed as deposition of a metallic top-contact significantly raises the
surface energy of the top interface and makes it more attractive to F8TBT, and is expected to
improve electron extraction for conventional device architectures. This agrees well with reported
e ciencies of pre- and post-annealed P3HT:F8TBT devices, as pre-annealing had no e↵ect on
performance but post-annealing significantly improved e ciencies.80
It is worth noting that a limitation of SERS is that although it can detect interfacial compositions
that are distinct from the bulk, it cannot determine whether these are a consequence of a
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Figure 7.21: Diagram illustrating the distribution of material within P3HT:F8TBT blend
films in as-cast films, and migration of material during pre-/post- thermal annealing.
continuous gradient in composition throughout the entire film or are distinct capping and wetting
layers formed either side of a uniform bulk. Certainly in the literature there is no evidence for
the former for P3HT:F8TBT, but most reports describe the existence of least one interfacial
layer.80,154,158 Despite this, the surface sensitivity and selectivity of SERS makes it a powerful
technique for studying interfacial composition and morphology in a manner that simply cannot
be achieved by normal optical characterisation methods.
7.6 SERS of PTB7:PC70BM
We also applied SERS to the investigation of a polymer:fullerene blend system comprising the
donor-acceptor co-polymer PTB7 and the fullerene PC70BM, which achieved a record e ciency
of 9.2% in 2012.79 This system is of interest not only because of its high e ciency, which has since
been surpassed but only by a polymer derivative of PTB7, but primarily because the reported
e ciencies for PTB7:PC70BM cells jump from 7.4% to 9.2% between conventional and inverted
device architectures. The striking di↵erence in e ciency depending on architecture can partly
be attributed to better energy level alignment, but there may also be a strong morphological
factor, such as a vertical phase separation gradient or the existence of interfacial layers. Using
SERS, we can directly probe the morphology and composition of the blend’s interfaces in order
to determine whether they are better-suited to inverted devices, and examine how the use of a
solvent additive (DIO) a↵ects interfacial composition.
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7.6.1 Neat Films
The investigation of PTB7:PC70BM blends followed the same process as that described for
P3HT:F8TBT, in that the behaviour of the neat materials was first characterised under Raman
and SERS conditions.
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Figure 7.22: Assignment of major Raman peaks to vibrations of chemical bonds in PTB7
(top) and PC70BM (bottom). See Appendix A for greater detail.
The Raman peaks of both PTB7 and PC70BM had been assigned to specific vibrational modes of
each molecule previously in Chapter 6, and are presented again in Figure 7.22. The 3 strongest
Raman peaks of PTB7 were at 1491, 1551 and 1574 cm 1, and are assigned to C=C stretching
modes of the benzodithiophene (BDT) donor unit and thienothiophene (TT) acceptor unit:
Peak 1 (1491 cm 1) is a C=C stretching mode of the fused thiophenes of the BDT unit, Peak 2
(1551 cm 1) is the same vibration coupled to the C=C stretching mode of the non-fluorinated
thiophene of the TT unit, and Peak 3 (1574 cm 1) is the benzene quadrant stretching mode
of the BDT unit coupled to the C=C stretching mode of the fluorinated thiophene of TT.
PC70BM exhibits several Raman peaks of varying intensity between 1100 and 1700 cm 1, the
4 strongest of which were at 1190, 1230, 1460 and 1560 cm 1, and are assigned to collective
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C=C stretching modes of the C70 cluster with di↵erent symmetries (A01 equatorial, E01, A01 and
E002 respectively).136
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Figure 7.23: Normalised Raman and SERS spectra for as-cast films of neat PTB7 in top-
contact (a) and bottom-contact (b) sample configurations. c) Normalised Raman spectra for
all 5 configurations.
Figure 7.23 reveals that there was a striking change in spectrum between Raman and SERS
conditions for as-cast films of neat PTB7 in top- and bottom-contact sample configurations: in
both cases there was a shift of Peak 1 (originally at 1489 cm 1) towards higher wavenumbers,
with a concurrent increase in the relative intensities of Peaks 2 and 3. The e↵ect was more
pronounced for the top-contact sample, which exhibited a larger up-shift of Peak 1 by ⇠12.6
cm 1 to 1504 cm 1 (versus ⇠1.4 cm 1 to 1494 cm 1) and significantly greater intensities for
Peaks 2 and 3. These spectral changes are extremely similar to those described in Chapter 6
for photo-oxidised PTB7, and it seems unlikely to be coincidental. The measurements were
done under N2 purging and as such the samples were considered to be in an inert, oxygen-free
environment at the point of laser exposure, and accordingly the bulk films showed remarkable
stability under Raman conditions.86 However, it appears that photo-oxidation has still taken
place under SERS conditions despite N2 purging. We acknowledge that there may be some O2
within the PTB7 film itself, which was deposited in air before being transferred to a glovebox for
storage, and that any possible photo-degradation will be accelerated by SERS. The reasoning
for this is that under SERS conditions, the interfacial molecules being probed are experiencing a
significantly stronger incident electric field and surface-enhanced absorption, and are therefore
much more likely to initiate photo-oxidation if any O2 is present nearby. Considering that
SERS is dominated by a relatively small number of interfacial molecules, it would not require
much O2 to produce a SERS spectrum indicative of degradation. Based on the spectra in
Figure 7.23b we have to conclude that greater degradation has occurred at the top interface
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(see illustration in Figure 7.25). The greater degradation of the top interface is attributed to
a greater concentration of O2 at the film’s surface compared to its base, either through direct
adsorption onto the surface or a di↵usion gradient from the top (exposed) surface to the bottom
of the film.
We finally note that there was no change in Raman spectrum between as-cast and pre-/post-
annealed films (as shown in Figure 7.23c), and found that the extent of degradation at each
interface under SERS conditions also appeared to be consistent (not shown). There is, therefore,
no apparent impact of annealing on the vibrations of PTB7 in the bulk film or at the interfaces,
or on the extent of SERS-induced degradation.
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Figure 7.24: Normalised Raman and SERS spectra for as-cast films of neat PC70BM in top-
contact (a) and bottom-contact (b) sample configurations. c) Normalised Raman spectra for
all 5 configurations.
We then considered neat films of PC70BM. Figure 7.24 demonstrates that like PTB7, there was a
di↵erence in the behaviour of top- and bottom-contact PC70BM samples. The Raman and SERS
spectra for the bottom-contact sample were e↵ectively identical, no changes in Raman shift or
relative intensity were observed for any of the major peaks. For the top-contact sample, there
were no changes in Raman shift but enhancement did lead to an altered pattern of intensities
across the spectrum (Figure 7.24a). More specifically, there was a decrease in the relative
intensity of Peaks 1, 2 and 3 with respect to Peak 4, reducing by 19%, 9% and 7% respectively.
The selective enhancement cannot be purely based on Raman shift as no other material we
have studied with SERS showed similar behaviour (see F8TBT in Figure 7.17). However, it
may indicate a preferential orientation of PC70BM molecules at the top surface, as Raman
selection rules are altered in the presence of the metal interface. Moskovits et al. have shown
that those vibrations possessing polarisability tensors with strong components perpendicular
to the surface are the most enhanced, at least for a monolayer of the aromatic small molecule
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phthalazine.98 By the same logic, the selective enhancement of the more polar C=C vibrations
of the C70 cluster (i.e. the peaks at 1460 and 1560 cm 1) suggests the PC70BM molecules at
the top surface are more likely to be oriented with the C70 axis perpendicular to the surface. No
such selective orientation was observed at the bottom interface, with an identical enhancement
of all peaks indicating those molecules were as isotropically oriented as those in the bulk film
(illustrated in Figure 7.25).
According to Figure 7.24c, like PTB7 there was also no apparent variation in Raman spectrum
of PC70BM after pre- or post-annealing. Annealing had no e↵ect on SERS spectra either,
leading us to conclude that whatever has caused the selective enhancement at the top interface
was not altered by annealing. However, it is worth noting that the reported crystallisation
temperature for neat PC70BM is ⇠204 oC,159 and as such we do not expect to see any large-
scale reorganisation of the neat film at an annealing temperature of only 140 oC. Reorganisation
may still occur in blend films if the polymer has a much lower Tg than the fullerene, as was
shown for P3HT:PC60BM in Chapter 5. Indeed, glass transition temperatures for blends of
PC70BM with the polymers DPPTTT and PCDTBT have been reported at 150-170 oC.91,149
Figure 7.25: Diagram illustrating the di↵erences in properties observed at the top and bottom
interfaces of PTB7 and PC70BM neat films.
When we examined the interfacial enhancement factors for each set of neat films, we found
that the values di↵ered by almost two orders of magnitude between PTB7 and PC70BM. The
average EF values for PTB7 samples were ⇠700-1000⇥, while PC70BM had average EFs of
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⇠10-30⇥ (see Table 7.4, average values in bold text). We noted that the average EF values for
as-cast PTB7 were higher for top-contact samples and lower for bottom-contact samples. By
comparison, as-cast PC70BM exhibited much higher average EFs in bottom-contact samples,
25.6⇥ vs 6.56⇥, in keeping with the trends reported for neat films of P3HT and F8TBT.
There was also a number of other trends in observed EF values that need to be accounted for.
For PTB7, the EFs of Peaks 2 and 3 were consistently higher than that of Peak 1, but this was
attributable to the e↵ects of photo-oxidation, as it resulted in greater relative intensities for
Peaks 2 and 3 with respect to Peak 1, and is responsible for driving up the average EF of the
top-contact samples. For PC70BM, the selective enhancement of the higher-frequency peaks in
top-contact samples led to a broader variation in EF for Peaks 1-4, varying by ±42% (±2.8⇥)
for Q/x/Ag compared to ±4.5% (±1.2⇥) for Q/Ag/x.
PTB7 PC70BM
Sample EF1 EF2 EF3 EFav EF1 EF2 EF3 EF4 EFav
Q/x/Ag 567 857 778 734 4.08 5.55 6.95 9.66 6.56
Q/x/Ag (post-ann) 749 1125 1059 978 7.35 9.15 10.9 13.3 10.2
Q/x/Ag (pre-ann) 562 855 779 732 6.99 9.03 10.9 13.4 10.1
Q/Ag/x 659 768 804 743 24.5 26.5 24.9 26.6 25.6
Q/Ag/x (post-ann) 569 667 682 682 27.6 29.7 28.5 27.2 28.3
Table 7.4: Interfacial Enhancement Factors for the major peaks of PTB7 and PC70BM, for
neat films in 5 di↵erent sample configurations.
7.6.2 Blend Films
We then applied SERS to blends of PTB7:PC70BM. In accordance with optimised device fabri-
cation, the blends were 1:1.5 by weight and spin-coated from 97 %vol chlorobenzene and 3 %vol
diiodooctane (DIO) additive.33,160 A second set of untreated blends was deposited from pure
chlorobenzene to act as a control, so that the e↵ect of solvent additive treatment on interfacial
composition could be examined. A key parameter we are looking for is whether interfacial com-
positions are appropriate for conventional or inverted device architectures, and whether they
may go some way to explaining why PTB7:PC70BM devices are more e cient when inverted.
First, we looked at the Raman spectrum of the untreated (no DIO additive) blend, which
is depicted in Figure 7.26a. As mentioned in Chapter 6, the blend spectrum was a linear
combination of spectra for neat PTB7 and neat PC70BM, and like P3HT:F8TBT in Section
7.5 it was possible to deconvolute the spectrum into its component parts through linear fitting.
We found that PTB7 contributed a greater proportion of the overall Raman intensity (↵ =
0.695) while there was 50% more PC70BM by mass, it only contributed   = 0.305 to the
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Figure 7.26: a) Deconvolution of the Raman spectrum for a PTB7:PC70BM blend film using
Raman spectra from neat materials. b) Comparison of Raman spectra for untreated and DIO-
treated blends.
Raman spectrum. Again, because the weight ratio of the bulk film is known, it was possible to
calculate the bulk materials’ cross-section ratio  B/ A from the Raman contributions, which is
indeed essential to obtaining interfacial compositions from SERS spectra later in this Section.
The value, expressed for PC70BM with respect to PTB7, was found to be 0.319 ±0.024 when
averaged across all measurements of all the bulk films in the untreated sample set. Compared
to P3HT:F8TBT ( B/ A = 0.102), the cross-sections of PTB7 and PC70BM were closer in
magnitude. The average cross-section ratio obtained from the DIO-treated films was 0.377
±0.064, due to a slightly greater contribution of intensity from PC70BM (see Figure 7.26b).
However, considering that solvent additives such as DIO are used as a selective solvent for
one of the two materials in order to slow its deposition during spin-coating and modify the
intermixed morphology,160 the DIO-treated films may no longer have the expected weight ratio
of 1:1.5. If we assume that the cross-section ratio obtained from the untreated films is the correct
one, then the as-cast composition of the DIO-treated films was found to be 38.7% PTB7, 61.3%
PC70BM (±3%), which is actually within an error margin of the expected weight ratio; i.e. 40%
PTB7, 60% PC70BM.
When Raman spectra were plotted together in Figure 7.27a, we found relatively little variation
between sample configurations for untreated films. For the DIO-treated films (Figure 7.27c)
there was rather more variation between as-cast and pre-/post-annealed blends in terms of
relative intensity, with the pre-annealed blend exhibiting the largest contribution from PC70BM
and an apparent composition of 69.7% PC70BM. We conclude that thermal annealing has little
e↵ect on the vibrational properties or bulk composition of PTB7:PC70BM blends, though there is
some indication that the bulk composition of the DIO-treated films does change after annealing.
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This is likely an e↵ect of absorption by the organic film, coupled to a change in vertical phase
separation.
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Figure 7.27: Normalised Raman (a,c) and SERS (b,d) spectra for blend films of
PTB7:PC70BM in 5 di↵erent sample configurations, prepared with (c,d) and without (a,b)
3 %vol DIO additive.
Under SERS conditions, top- and bottom-contact samples exhibited very di↵erent spectra for
both untreated films and DIO-treated blend films, as shown in Figures 7.27b and d respectively.
In top-contact samples we found that the relative intensity of the PTB7 peaks (at ⇠1500 cm 1)
was much higher in the SERS spectrum than it was in the Raman spectrum, while in bottom-
contact samples the SERS spectrum was dominated by PC70BM peaks at ⇠1190, 1230, 1467
and 1567 cm 1. Immediately we can conclude that the top interface is richer in PTB7, while
the bottom interface is richer in PC70BM. Additionally, the spectra for the top-contact samples
indicated a fairly significant ⇠9.8 cm 1 up-shift of PTB7’s Peak 1 to ⇠1500 cm 1, much larger
than that observed for a bottom contact sample (⇠4.2 cm 1). This follows what was observed for
neat PTB7, and was associated with accelerated degradation of PTB7 under SERS conditions,
indicating that PTB7 degrades in a similar manner in the blend. We were not able to use
the position of Peak 1 to compare the extent of degradation between samples, due to the
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unpredictable overlap with peaks from PC70BM. However, it was still possible to deconvolute
the blend’s SERS spectrum using the neat materials’ SERS spectra as references, in order to
ascertain their separate SERS contributions and calculate interfacial compositions.
Using Equation 7.6 and the established PC70BM/PTB7 cross-section ratio of 0.319, we cal-
culated the composition of each interface for both untreated and DIO-treated films, with the
results presented in Table 7.5. We found that the top interface of the untreated film was indeed
dominated by PTB7, having a composition of only 27.3% PC70BM, while the bottom interface
was rich in fullerene, with a composition of 75.5% PC70BM. This suggests quite a significant
degree of vertical phase separation occurs during deposition of the PTB7:PC70BM blend, and
agrees with our expectation that the higher surface-energy material (PC70BM) is preferentially
concentrated at the high surface-energy substrate interface, while low-energy PTB7 is concen-
trated at the low-energy air interface (as illustrated in Figure 7.28). In terms of interfacial
composition, the as-cast PTB7:PC70BM blend film is quite conclusively favourable to inverted
device architectures, where electrons are collected from PC70BM at the bottom of the film and
holes are collected from PTB7 at the top, but is conversely very unsuitable for conventional
device architectures. Certainly, inverted PTB7:PC70BM devices are reported to give higher
e ciencies, and we conclude that interfacial composition is one factor in that improvement.33,79
Post-annealing was found to increase the concentration of the high-energy material at whichever
interface was being probed, due to the presence of the high surface-energy silver layer. At the
top interface, the composition increased from 27.3% PC70BM to 32.2%, while at the bottom
interface it increased from 75.5% to 83.9%, indicating a degree of reorganisation of the two
materials into vertically separated phases during heating (Figure 7.28, right). By comparison,
pre-annealing reduced the PC70BM content of the top interface from 27.3% to 24.5%, following
our expectation that annealing prior to evaporation of the capping silver layer should increase
the concentration of low-energy PTB7 at the low surface-energy air interface (Figure 7.28,
left). These observations follow what was observed for P3HT:F8TBT, and suggest that charge
extraction will be improved by pre-annealing for conventional devices, and by post-annealing
for inverted devices.
When we compared untreated blend films to films deposited with 3 %vol DIO, we found that the
additive had a substantial impact on SERS spectra (Figure 7.27d) and interfacial composition
(Table 7.5). The composition at the top interface was only 23.0% PC70BM, vs 27.3% for
the untreated film, while the bottom interface was 91.2% PC70BM, vs 75.5%. Evidently the
additive resulted in a greater degree of vertical phase separation during deposition, with a layer
of almost pure PC70BM at the bottom interface that will be ideal for the selective extraction
of electrons from an inverted device. As additives are often used to modify as-cast morphology,
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without DIO with DIO
Sample EFPTB7 EFPCBM % PCBM EFPTB7 EFPCBM % PCBM
Q/x/Ag 250 36.1 27.3 267 25.6 23.0
Q/x/Ag (post-ann) 295 51.0 32.2 228 80.2 49.6
Q/x/Ag (pre-ann) 358 44.0 24.5 566 44.6 26.4
Q/Ag/x 113 222 75.5 13.3 118 91.2
Q/Ag/x (post-ann) 30.7 121 83.9 5.38 91.2 92.7
Table 7.5: Interfacial Enhancement Factors and interfacial compositions for PTB7:PC70BM
blend films in 5 di↵erent sample configurations, comparing untreated blends to those deposited
with 3%vol DIO additive.
Figure 7.28: Diagram illustrating the distribution of material within PTB7:PC70BM blend
films in as-cast films, and migration of material during pre-/post- thermal annealing.
this is not particularly surprising.160 However, the use of DIO with PTB7:PC70BM is typically
intended to increase the e ciency of exciton dissociation by reducing excessive phase of phase
separation and increasing the intermixing between PTB7 and PC70BM.33,160 The formation of
a more homogenous blend is in apparent disagreement with our results, however those reports
of DIO-treated blend morphology in the literature describe lateral separation only, and there
is no discussion of the additive’s e↵ect on vertical separation gradient. However, we are still
confident that we have used SERS to identify the existence of interfacial layers, approximately 7
nm thick with well-defined composition. Considering the apparent improvement in lateral phase
separation reported in the literature, and the greater phase purity of the interfacial layers we
have observed, it is clear why DIO treatment leads to higher e ciencies in PTB7:PC70BM-based
inverted devices.
The DIO-treated films also exhibited a stronger sensitivity to thermal annealing, as shown by
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their SERS spectra in Figure 7.27d. Post-annealing increased the concentration of PC70BM at
the top interface, as was observed for an untreated film, but the e↵ect was more pronounced:
the composition of the top interface increased by 26.9% from 23.0% to 49.6%, compared to
a 4.9% increase in the untreated film. There was a much smaller 1.5% increase in PC70BM
content at the bottom interface, from 91.2% to 92.7%, but as that interface was almost pure
PC70BM in the as-cast blend, it was not really possible for post-annealing to achieve a dramatic
increase in PC70BM content like that observed for the untreated film (75.5% to 83.9%). The
explanation for the greater impact of thermal annealing lies in the nature of the additive, as a
high boiling-point solvent (Tb ⇡ 168 oC) that is known to remain within organic films long after
deposition. We propose that partial solvation by DIO within the film lowers the glass transition
temperature of the blend, and thus accelerates reorganisation during the anneal.160 Certainly,
it appears that thermal annealing of DIO-treated PTB7:PC70BM blends leads to even purer
interfacial layers that are ideal for e cient and selective charge extraction from inverted devices,
in agreement with published device data.79
As indicated by Figure 7.27 and Table 7.5, pre-annealing a DIO-treated blend had a rather
unusual e↵ect on the composition of the top interface, which increased in PC70BM content
rather than PTB7. The increase, from 23.0% to 26.4%, appears to defy the precedent set by
the behaviour of the untreated film, and of P3HT:F8TBT, that the top (air) interface pref-
erentially attracts the lower-energy material when annealed prior to evaporation of the silver
layer. Although the measured change in composition was small, we conclude that like the
untreated films, pre-annealing of DIO-treated PTB7:PC70BM devices should result in inferior
device performance compared to the much purer interfaces presented by post-annealed blends.
We also noted that despite the ⇠100-fold di↵erence in EF values between neat films of PTB7
and PC70BM reported earlier in this Section, in blend films the EF values for the two materials
were much closer in magnitude. In fact, we found that PC70BM gave a maximum EF of 222⇥ in
the untreated, as-cast Q/Ag/blend, far in excess of the 25.6⇥ value described for neat PC70BM
in the same configuration. The ⇠860% increase in EF simply cannot be accounted for as an
e↵ect of batch-to-batch variations or the di↵erence between bulk and interface concentrations.
Instead, we were forced to acknowledge that despite the orders of magnitude di↵erence in EF
between PTB7 and PC70BM, and between P3HT and F8TBT to a lesser extent, when two
materials are blended together they both experience similar enhancement somewhere between
the two neat values. A tentative explanation for this lies in the fact that the magnitude of
enhancement experienced by a single molecule under given conditions may not depend solely on
its inherent properties but also on the properties of the surrounding medium, i.e. the blend.5
Consequently, two di↵erent molecules could exhibit a similar single-molecule EF in the same
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blend but very disparate values in neat films, due to di↵erences in the properties between each
of those films.
Including the ratio of neat EF values in our model, as we initially reasoned would be necessary
to account for the di↵erences in EF between materials, resulted in interfacial compositions that
were unrealistically biased towards the lower-EF component (i.e. all were >95% PC70BM), far
beyond any composition reported in the literature. This was taken to be decisive evidence that
the initial assumption was flawed, and consequently it was necessary to disregard the EFA/EFB
term in Equation 7.6. This way reasonable compositions were obtained, and which appear to
justify the compromise, but further work is required to establish why a material’s EF can change
so dramatically between neat and blend films.
7.7 Further Work
Although we consider the results presented in this Chapter su cient to demonstrate that the
model works, there are still several gaps and erroneous results to explain. In particular, the
modelling of transmittance and film thickness e↵ects on apparent EF fall short of completely
correcting for those variables, and require further investigation to properly describe. Discussions
with Dr Paul Stavrinou of Imperial College London indicated that simulations of plasmonic field
intensity were not necessary to understand the results shown here, and in fact would be quite
di cult given the aperiodic structure of the evaporated metal surface, it would be essential
to understanding the distribution of enhancement across the metal surface and predict the
probability and nature of potential hot-spots occurring that may skew the results.
Further work should also consider developing a better SERS substrate, one that is ideally
periodic but with su ciently low roughness that it will not disrupt interfacial morphology, and
can be fabricated or transferred without the need to thermally evaporate metal directly onto
the organic film. Although the results are not shown in this Chapter, our attempts to employ
dispersions of silver nanowires (provided by Tom Phillips from the Chemistry Department at
Imperial College London) or commercially prepared silver nanoparticles as solution-processable
SERS substrates were particularly unsuccessful.
A logical extension of this project is the eventual use of Tip-Enhanced Raman Spectroscopy
(TERS) to obtain a similar degree of lateral resolution in addition to surface selectivity. In-
stead of a metal layer, a metal-coated AFM tip is used to generate the surface plasmon e↵ect,
localised to within ⇠50 nm of the nanoscale tip.161–163 Although technically di cult to achieve,
it could provide detailed information about both vertical and lateral phase separation in OPV
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blends provided that the behaviour of conjugated polymers and small molecules under enhancing
conditions has already been established.
7.8 Conclusions
We have demonstrated a thorough, quantitative method of applying Surface-Enhanced Raman
Spectroscopy to the study of interfacial properties in organic thin films. By exploiting the dis-
tance dependence of a plasmonic field, the di↵raction limit for optical techniques such as Raman
spectroscopy can be circumvented and detailed information on chemical structure, morphology
and composition can be obtained for only those molecules within a few nanometres of a metal
substrate. By understanding interfacial properties, particularly composition in blends, we hope
to better interpret how morphology influences a specific device parameter: the e ciency of
charge extraction from the bulk heterojunction into the electrodes. To this end, we developed
and tested a model for applying SERS to complex, thick organic films, in order to probe those
properties reliably and obtain quantitative information.
We have shown that it was relatively simple to produce plasmonically active metal surfaces
through the thermal evaporated of ultra-thin (⇠7 nm) silver layers, with strong plasmonic
resonance in the visible spectrum suitable for resonance with a broad range of excitation wave-
lengths. These layers provided relatively low surface enhancement factors, with single molecule
EFs estimated to be at least 450⇥, but were highly selective as an interfacial probe, enhancing
only those molecules within ⇠7.6 nm of the metal surface.
We found that surface energy determined the composition of the top and bottom interfaces in
blend films. Both the polymer:polymer blend P3HT:F8TBT and the polymer:fullerene blend
PTB7:PC70BM exhibited interfacial compositions that are more favourable to inverted device
architectures, with the acceptor material concentrated at the bottom of the film and the donor
material at the top. It was possible to partially reverse this vertical phase separation through
thermal annealing, but only if the blend was annealed post-evaporation of a high surface-energy
metallic top contact (i.e. silver). Annealing the blend prior to evaporation of the metal generally
resulted in reorganisation of the blend towards a higher phase purity of the pre-existing inter-
facial layers. We also demonstrated that the solvent additive DIO had a profound impact on
interfacial composition and therefore the extent of vertical phase separation in PTB7:PC70BM
blend films, despite the reported reduction of lateral phase separation it simultaneously provides.
SERS is a powerful technique that has been used extensively in several other research fields,
and o↵ers the same potential selectivity and vertical resolution to the study of OPV blend
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morphology. A few attempts have already been made in the literature, but in this Chapter we
have shown that the technique is even more sensitive and informative than has been previously
reported. With some further work, the model approach can be improved upon to make the
method more reliable and more accurate in its estimation of interfacial properties and their
e↵ect on device performance in OPVs.
Chapter 8
Morphology of Polytellurophene
Films
The work reported in this chapter was done in collaboration with Dr Franziska Fleischli and
Prof. Natalie Stingelin from the Department of Materials at Imperial College London, using
materials provided by Dr Ashlee Jahnke and Dr Dwight Seferos from the University of Toronto.
This work is being prepared for submission.
8.1 Background
As discussed in Chapter 5, the soluble polythiophene P3HT is one of the most thoroughly stud-
ied and industrially important semiconducting polymers currently available,9,10,164 achieving
reasonable e ciencies of up to ⇠5% in OPVs,165 and charge carrier mobilities of up to 0.1 cm2
V 1 s 1 in transistors.35 However, it still su↵ers from certain disadvantages: it has a large op-
tical band-gap of 1.9 eV, far greater than the optimal ⇠1.2 eV for OPVs;15 and a morphology
that is very sensitive to processing conditions, requiring careful optimisation to form highly-
ordered domains with good ⇡-⇡ stacking essential to intermolecular charge transport.35,70,81,106
In recent years, selenophene and tellurophene analogues of P3HT have been developed to try
and improve its properties by replacing the sulfur atom of thiophene with heavier Group VI
elements.166,167 This has met with some success, poly(3-hexylselenophene) (P3HS) was reported
to have a smaller optical band-gap of 1.6 eV, and formed larger aggregates with a high degree
of molecular order (i.e. backbone planarity) that favours ⇡-⇡ stacking.88,166 Continuing down
Group VI, the synthesis of organometallic poly(3-hexyltellurophene) (P3HTe) was first reported
148
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in 2013 and produced a polymer with an optical band-gap of 1.4 eV, close to the optimal value
of ⇠1.2 eV, and evidence of aggregation into nanofibres.123,167 This nanoscale organisation was
found to depend on the structure of the polymer’s alkyl side-chain, with a marked impact on
charge carrier mobility when used as the active material of semiconductor:insulator blends for
OFET applications.123 Consequently, it is important to characterise the thin film morphology
of novel polymers such as polytellurophene in greater detail, in order to better understand the
relationships between their molecular order, thin film microstructure and device performance.
To complement the measurements of microstructure reported previously, the aim of this study
is to investigate long- and short-range molecular order using absorption spectroscopy and res-
onant Raman spectroscopy respectively. Absorption can provide information about long-range
organisation, in terms of e↵ective conjugation length and aggregation.3 Resonant Raman is a
simple, e↵ective tool for probing the vibrational modes of molecules, and is particularly suited
to studying the conjugated backbones of organic semiconductors.68,86,89 Under resonant condi-
tions, when the excitation energy exceeds the materials’ optical band-gap, vibrational modes
associated with the conjugated backbone become sensitive to its conformation through electron-
phonon coupling, exhibiting distinctive spectral changes between the planar and twisted polymer
backbones of ordered (crystalline) and disordered (amorphous) domains.70 In practice, this al-
lows the use of Raman to monitor changes in the overall degree of molecular order within thin
films, as we have demonstrated previously with P3HT and P3HS.88
8.2 Experimental
Sample Preparation: P3HTe, P3DDTe and P3EHTe (with weight-average molecular weights
MW of ⇠21.8 kDa, ⇠22.9 kDa and ⇠13.8 kDa respectively, and corresponding polydispersities
of 2.2, 2.0 and 1.5) were synthesised and purified at the University of Toronto according to pub-
lished protocols.167 P3EHTe had a regioregularity of 93% according to 1H NMR, no data was
available for P3HTe or P3DDTe due to limited solubility.123 RR-P3HT and HDPE were pur-
chased from Sigma Aldrich (MW of ⇠37kDa and ⇠125 kDa respectively) and used as received.
For wire-bar coating, each polymer was dissolved in 1,2,4-trichlorobenzene at 140 oC to produce
neat solutions, or co-dissolved with HDPE with a weight ratio of 2:1 to produce blend solutions,
all at a total polymer concentration of 5 mg/mL. Bar-coated films were deposited onto glass
substrates that were either at room temperature or heated to 140 oC, the latter were kept at 140
oC for a further minute after solvent evaporation and then cooled to room temperature. Films
for XRD were prepared using neat solutions of each polymer in chlorobenzene, at concentration
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of 10 mg/mL, which was spin-coated onto Si/SiO2 (for XRD measurements) at 2000 rpm for
120 sec and then blow-dried with a nitrogen gas gun.
Film Characterisation: UV-Vis absorption spectroscopy was done using a Shimadzu UV-2550
spectrophotometer. Raman measurements were done using 5 di↵erent excitation wavelengths.
The laser powers and acquisition times used at each excitation wavelength were as follows: 0.16
mW, 30 sec (457 nm); 0.45 mW, 30 sec (488 nm); 0.11 mW, 30 sec (514 nm); 0.12 mW, 10
sec (633 nm); 1.3 mW, 10 sec (785 nm). To reduce photo-degradation, samples were measured
in a Linkam thermal stage under N2 purging and the laser spot was defocused to ⇠10 µm.
All Raman spectra were background-corrected using a linear baseline between 1250 and 1600
cm 1. Optical microscopy was done using the inVia microscope, in reflection mode using a
50⇥ objective. X-Ray di↵raction measurements were done on thin films using an X’Pert PRO
PANalytical di↵ractometer. The source was a nickel-filtered Cu K↵1 beam, operating under a
current of 40 mA and an accelerating voltage of 40 kV. Intensity was measured against twice
the scattering angle (2✓), from 2 to 20o. Acquisition times were 40 minutes for RR-P3HT and
30 minutes for P3ATe.
DFT simulations: oligomers of polytellurophene were simulated by the Gaussian 09 software
package,135 using a mixed basis set: B3LYP 6-31G(d,p) for H and C atoms, LANL2DZ with a
core electron pseudo-potential for tellurium atoms. Molecular structures were first optimised in
the gas phase and then theoretical Raman spectra were calculated. Raman shifts were adjusted
using an empirically obtained 0.960 scaling factor according to the 6-31G(d,p) basis set.100 A
polytellurophene oligomer with 6 repeat units (a hexamer) was found to give the most realistic
Raman spectrum after optimisation. The e↵ect of molecular order (backbone planarity) on
vibrational properties of the polymers was investigated by calculating Raman spectra for a
hexamer with varying dihedral angles between 0 and 40o. Alkyl side-chains were reduced to
methyl groups to aid computation time, meaning that it was not possible to predict the e↵ect
of di↵erent side-chains on the gas-phase optimised structure.
8.3 Molecular Order of P3ATe
In this study, we will investigate the impact of the heavy tellurium atom, di↵erent side-chains
and processing conditions on the molecular order of three poly(3-alkyltellurophene)s: the stan-
dard linear hexyl chain (P3HTe), a longer linear dodecyl chain (P3DDTe) and a branched
2’-ethylhexyl chain (P3EHTe). Their chemical structures are given in Figure 8.1. These are the
same polymers used in the previously published OFET study and were prepared according to
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Figure 8.1: Molecular structures of a) P3HTe, b) P3DDTe, and c) P3EHTe.
the same protocols, as both neat films and blends with the insulator high density polyethylene
(HDPE),123 in order that any relationships between observed molecular order and reported
device performance may be identified.
8.3.1 Polytellurophene vs Polythiophene
Figure 8.2: Normalised absorption spectra for thin films of the polythiophene P3HT and the
polytellurophene P3HTe.
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Figure 8.2 demonstrates that a film of neat P3HTe exhibited a single major peak with a max-
imum ( max) at 612 nm and an onset at ⇠850 nm, compared to a  max of 519 nm and an
onset of ⇠650 nm for a film of neat P3HT. The red-shift of absorption from P3HT to P3HTe
is consistent with a smaller optical band-gap (Eg) for tellurophene compared to thiophene or
selenophene. For the polymers, we calculated optical band-gaps of 1.9 eV for P3HT, 1.6 eV for
P3HS (which has a reported  max of 585 nm)88 and 1.4 eV for P3HTe. We also noted that
although the P3HTe absorption peak was very broad (with a full-width-half-maximum of 292
nm, versus 160 nm for P3HT), it did not exhibit the distinctive vibronic features that are as-
sociated with aggregation, namely a well-defined 0-0 transition shoulder at longer wavelengths
(i.e. 605 nm for P3HT) that is due to strong intra-chain coupling.71 Despite the unclear ev-
idence of aggregation, P3HTe exhibits very promising optical properties for use in OPVs: its
low 1.4 eV band-gap is much closer to the often-quoted ideal value of 1.2 eV, and suggests that
polytellurophene will be a useful material for e ciently absorbing sunlight. However, we must
also consider the solid-state organisation of the polymer and the impact that it will have on
charge transport.
Figure 8.3: Optimised structures viewed edge-on (a), with the distribution of LUMO (b) and
HOMO (c) molecular orbitals for oligomers of P3HT and P3HTe simulated using DFT.
The decrease in Eg due to substitution of the heteroatom with heavier Group VI elements can
be attributed to a combination of greater planarity of the conjugated backbone, which increases
⇡-orbital delocalisation along the chain; and a deeper energy level for the lowest-unoccupied-
molecular-orbital (the LUMO).88,166 DFT simulations of P3HT, P3HS and P3HTe oligomers
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Polymer Heteroatom HOMO Energy LUMO Energy Inter-Unit
(eV) (eV) Torsion Angle
P3MT S -4.51 -1.91 20o
P3MS Se -4.39 -2.11 0.2o
P3MTe Te -4.64 -2.30 0.02o
Table 8.1: Calculated HOMO and LUMO energy levels and average inter-unit torsion angle
for optimised oligomers of polythiophene, polyselenophene and polytellurophene, with methyl
side-chains to aid computation time.
revealed that the substitution of tellurium for sulfur resulted in a more planar conformation,
reducing the inter-unit torsion angle from 20o to 0.02o, and a significant decrease in the predicted
LUMO energy from -1.91 eV to -2.3 eV. In both cases, this continued the trend from P3HT to
P3HS (see Table 8.1), and follows our understanding that the substitution of the heteroatom
predominantly a↵ects the LUMO level because it is delocalised across the entire ring, while the
highest-occupied-molecular-orbital (the HOMO) energy is less a↵ected due to its localisation on
only the carbon atoms of the ring (see Figure 8.3).
Figure 8.4: a) Normalised resonant Raman spectra for P3HT and P3HTe under 488 nm
excitation. Coloured labels indicate the assignments of major Raman modes to vibrations of
particular chemical bonds on polytellurophene. b) Deconvolution of P3HTe C=C peak into
ordered and disordered contributions based on fitting.
We then compared the resonant Raman spectra of P3HTe and P3HT in order to directly probe
the backbone planarity of polytellurophene, and identify the impact of the larger, heavier tel-
lurium atom on molecular order. Under 488 nm excitation, there is a strong resonance with
the absorption of both polymers that enables us to exploit the sensitivity of resonant Raman
spectroscopy to molecular order that has been described in detail previously.68,70 Figure 8.4a
demonstrates that the spectrum of P3HTe is similar to that of P3HT, with comparable Raman
peaks assigned by DFT to the various vibrations of C=C and C-C bonds along the conjugated
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backbone. The C-S-C asymmetric stretching mode of P3HT appeared as a relatively weak peak
at 727 cm 1 and the corresponding C-Te-C mode was tentatively assigned to an extremely weak
peak at 518 cm 1 (not shown), a significantly lower frequency due to the longer and heavier
C-Te bonds (2.12 vs 1.72 A˚). There was also a general shift to lower frequencies for the two
major peaks, assigned to C=C and C-C symmetric stretching modes of the tellurophene ring,
which were shifted from 1449 to 1389 cm 1 and 1380 to 1340 cm 1 respectively. Again, this
confirms the e↵ect of the heavier heteroatom on molecular vibrations, continuing the reported
trend from P3HT to P3HS,88 the latter having a C=C peak at 1470 cm 1 and a C-C peak at
1360 cm 1, both down-shifted with respect to P3HT.
In Chapter 5 we demonstrated that under resonant conditions, highly-ordered (planar) regioreg-
ular P3HT has a C=C peak at a Raman shift of 1449 cm 1, while highly disordered (twisted)
regiorandom P3HT exhibits a higher frequency of 1475 cm 1. The peak shift to higher fre-
quencies due to twisting the polymer is associated with reduced ⇡-electron delocalisation along
the conjugated backbone, a less quinoidal structure and an increase in C=C bond strength,
and has also been reported in P3HS.88 For P3HTe we observed a very broad C=C peak that
was distinctly bimodal, comprising of a narrow peak at 1389 cm 1 (responsible for the peak
maximum) overlapping with a much broader peak that covers a range of 1400 to 1480 cm 1.
DFT simulations demonstrated that a similar relationship between C=C peak and molecular
order applies to P3HTe: increasing the torsion angle between tellurophene units from 0o to
40o resulted in a significant shift of the C=C mode to higher frequencies. We conclude that
the low-wavenumber peak at 1389 cm 1 represents the more planar conformations, i.e. the
ordered phase of P3HTe, while the higher-wavenumber peak at 1440 cm 1 is from more twisted
conformations, i.e. the disordered phase.
Figure 8.4b illustrates that it was possible to deconvolute the C=C peak into distinct peaks
for the ordered and disordered phases, by fitting the peak with a single Gaussian-Lorentzian
function to represent the ordered contribution (centred at 1387 cm 1, FWHM of 24 cm 1)
and two functions to fit the disordered contribution (centred at 1420 cm 1, FWHM of 65
cm 1; after addition). The di↵erence in Raman shift and FWHM between the ordered and
disordered contributions follows our understanding that there are two distinct representative
phases present within the P3HTe film: an ordered phase with a narrow distribution of similar
planar conformations, and a disordered phase with a broad range of twisted conformations.
Although the peak area integrated intensity of the ordered contribution was estimated at 39%
of the total C=C Raman intensity, it is not possible to convert this to an exact fraction of
ordered phase without knowing the relative Raman scattering cross-sections of the planar and
twisted conformations under this excitation wavelength. However, the relative intensity of the
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ordered phase can still be used as a qualitative indicator for the degree of molecular order, and
is preferable to using the C=C peak position as the figure of merit, which tends to be dominated
by a single contribution, i.e. the ordered phase at 1387 cm 1.
Figure 8.5: Dispersion of normalised Raman spectra for a) P3HT, b) P3HTe, c) P3DDTe,
and d) P3EHTe, measured at five di↵erent excitation wavelengths.
We then investigated the distribution of molecular order within P3HTe by exploring its Raman
spectrum at five di↵erent excitation wavelengths (457, 488, 514, 633 and 785 nm). In doing so,
we exploit resonance with di↵erent electronic transitions of various conjugation lengths (see the
absorption of P3HTe, Figure 8.5) in order to selectively probe the conformations of di↵erent
chromophores within the film and obtain experimental evidence of the nature of P3HTe’s ordered
and disordered phases. Due to the nature of polytellurophene as a low band-gap material, none
of the excitation sources used in this study had a long enough wavelength for non-resonant
Raman (  > 850 nm). First, we examined the selective excitation of the most ordered and
disordered phases: under 785 nm excitation we expect to be exclusively resonant with the low-
energy electronic transitions of the ordered phase, and obtained a narrow C=C peak at low
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frequency (1373 cm 1, FWHM of 30 cm 1) with no apparent contribution from the disordered
contribution around 1420 cm 1 (red trace, Figure 8.5b). In contrast, under 457 nm excitation
there is a selective resonance with the high-energy electronic transitions of the disordered phase,
resulting in a much broader C=C peak with a maximum at higher frequency (1426 cm 1, FWHM
of 82 cm 1), with a small contribution from the ordered contribution appearing as a shoulder
around 1400 cm 1 (purple trace, Figure 8.5b). The properties of the C=C peak measured under
the two extreme excitation conditions appear similar to the ordered and disordered contributions
obtained by fitting the 488 nm spectrum (as depicted in Figure 8.4b), and provides experimental
evidence that the ordered phase (which is resonant with 785 nm) exhibits a much narrower
distribution of highly-planar conformations while the disordered phase (which is resonant with
457 nm) exhibits a broad range of twisted conformations.
Across all excitation wavelengths used, there was a clear trend of increasing intensity from
the disordered contribution (around 1420 cm 1) with higher excitation energy, indicative of an
increasingly selective resonance with the high-energy disordered phase. The relative intensities
of the ordered and disordered contributions measured under resonance with both phases gives
us an indication of the overall degree of molecular order, but the overall C=C peak position
was found to vary by only ⇠15 cm 1 (between 1373 and 1389 cm 1) from 785 to 488 nm, as it
was dominated by the sharp, narrow distribution of the ordered contribution. Between 488 and
457 nm the relative intensity of the disordered contribution increased significantly, shifting the
maximum by a further ⇠37 cm 1 to 1426 cm 1. The total variation in position (referred to as
the Raman dispersion) of the C=C peak was ⇠53 cm 1, far exceeding the ⇠8 cm 1 observed for
P3HT under the same range of excitation wavelengths (see Figure 8.5a). In the case of P3HT,
a large Raman dispersion for regiorandom-P3HT over regioregular-P3HT has been associated
with a broader distribution of twisted conformations due to greater steric hindrance between
side-chains.68
8.3.2 E↵ect of the Side-Chain
First, we compared the standard polymer P3HTe to one with a dodecyl side-chain, P3DDTe.
The impact of a longer linear side-chain on the packing of the polymer was immediately apparent
in the di↵ractograms of the two neat polymers, shown in Figure 8.6, that were obtained using
X-Ray di↵raction (XRD). Di↵raction peaks were observed at 2✓ angles of 7.3 and 4.4o for P3HTe
and P3DDTe respectively, and were both assigned to the first-order (100) reflection, associated
with the lamellar packing distance (the a lattice parameter). The smaller angle of di↵raction
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Figure 8.6: XRD di↵ractograms for spin-coated films of P3HTe, P3DDTe and P3EHTe on
Si/SiO2. Labels indicate the lamellar stacking distance associated with each (100) di↵raction
peak.
for P3DDTe confirms that the longer linear side-chain increases the separation between edge-
on polymer backbones, from 12.1 to 19.9 A˚. We did not observe a shoulder for the P3HTe
di↵raction peak, which was reported by Jahnke et al. for bar-coated films and was attributed to
a smaller lamellar separation induced by interdigitated side-chains.123 This may be a result of
processing conditions; the films prepared for XRD measurements reported here were deposited
by spin-coating rather than bar-coating, and a faster evaporation of solvent may have limited
the formation of interdigitated domains. We observed second-order (200) di↵raction peaks at
2✓ = 14.3o for P3HTe and 8.9o for P3DDTe, giving lamellar distances of 12.3 and 19.8 A˚
respectively that were in good agreement with the first-order values. The exclusive detection of
lamellar (h00) di↵raction peaks suggests the formation of crystallites that are oriented edge-on
with respect to the silicon substrate, this means that the ⇡-⇡ stacking direction is in-plane and
the associated (0k0) peaks will be undetectable by out-of-plane measurements. Using XRD data
alone, it is di cult to comment on the impact of the tellurium atom or the di↵erent side-chains
on the ⇡-⇡ stacking distance. Instead, we must use resonant Raman to probe molecular order,
in order to understand the e↵ect on backbone planarity and thus molecular packing in the ⇡-⇡
direction.
Figure 8.7a shows the normalised absorption spectra of P3HTe and P3DDTe, demonstrating
that there is an appreciable blue-shift of the main absorption peak from a maximum of 612 nm
(for P3HTe) to 580 nm (for P3DDTe), suggestive of a shorter e↵ective conjugation length for
the polymer with a longer side-chain. This is corroborated by greatly reduced absorption at
long wavelengths, at 700-800 nm, where P3HTe exhibited a broad shoulder that was assigned
to a 0-0 vibronic transition associated with the electronic transition of aggregated polymer.
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Figure 8.7: Normalised absorption spectra (a) and normalised Raman spectra (b) for neat
films of P3HTe, P3DDTe and P3EHTe. Raman excitation   was 488 nm.
Although the appearance of a well-defined di↵raction peak in the XRD data establishes the
existence of crystalline domains within the film, the blue-shift in absorption and suppression of
the vibronic shoulder at ⇠750 nm appears to indicate that the polymer’s morphology is more
dominated by disordered domains, compared to P3HTe. These domains, which lack long-range
translational order, are di cult to detect with di↵raction-based techniques, but their absorption
and vibrational signatures are obvious.
This was confirmed by resonant Raman spectroscopy, under 488 nm excitation there was a
significantly larger contribution to the C=C peak from the disordered contribution at higher
wavenumbers, shifting the C=C peak’s maximum to 1420 cm 1 (see Figure 8.7b) as the Raman
contribution from the ordered phase was reduced from 39% to 26%. Therefore we conclude
that P3DDTe (with a longer linear side-chain) is significantly more disordered than P3HTe
when bar-coated at room temperature. This was later found to be the e↵ect of greater kinetic
hindrance during deposition for the longer side-chains (vide infra).
We then compared P3HTe to a third polytellurophene with a branched side-chain of similar
length, P3EHTe. The 2’-ethylhexyl side-chains of P3EHTe are expected to introduce significant
steric hindrance between neighbouring units on the same chain, but the XRD di↵ractogram of a
neat film (see Figure 8.6) still shows a (100) di↵raction peak at 2 = 6.2o, indicating a crystalline
phase within the film. This angle corresponds to a lamellar spacing distance of 14.1 A˚, ⇠2 A˚
larger than that of P3HTe despite having a similar side-chain length. This has been attributed
to reduced interdigitation of side-chains, which reduces the e↵ective lamellar spacing of P3HTe
but is prevented by the branching of the ethylhexyl side-chains on P3EHTe.
Chapter 8. Morphology of Polytellurophene Films 159
In terms of absorption (Figure 8.7a), the  max of P3EHTe was 634 nm, a blue-shift of 22 nm
with respect to P3HTe, and exhibited a stronger, more distinct vibronic shoulder at ⇠750 nm.
This appears to suggest that despite any steric hindrance resulting from its branched side-
chains, P3EHTe achieves a longer conjugation length than P3HTe, at least for neat films bar-
coated at room temperature. This was attributed to greater solubility a↵orded by the branched
side-chain (compared to P3HTe, which su↵ered from near-insolubility in both trichlorobenzene
and chlorobenzene unless heated), resulting in a slower deposition of P3EHTe and a ‘solvent
annealing’ e↵ect that favours long-range order. Optical microscopy reinforced this conclusion,
as the P3HTe and P3DDTe films showed a number of micron-scale aggregates and a rough
film structure indicative of irregular deposition and poor solubility, while P3EHTe formed a
more uniform film (micrographs shown in Figure 8.9). Despite this, P3EHTe bar-coated at
room temperature exhibited a Raman spectrum dominated by disorder (see Figure 8.7b), with
a C=C peak maximum at 1420 cm 1 and only a small contribution ordered phase at ⇠1390
cm 1. After deconvolution by fitting, the relative intensity of the ordered contribution was
estimated to be only 20%, much lower than that of either P3HTe (40%) or P3DDTe (25%).
Interestingly, P3EHTe exhibited a C=C peak broadened in both directions, with a greater
intensity at both high wavenumbers (⇠1460 cm 1) and surprisingly low wavenumbers (⇠1370
cm 1). We consider that the low-wavenumber intensity arises from the same polymer chains
that are responsible for the narrow C=C peak observed under 785 nm excitation (Figure 8.5d),
the crystalline peaks observed in XRD and the absorption shoulder at ⇠750 nm associated with
aggregation. Despite the steric hindrance expected of branched side-chains, P3EHTe appears
to have achieved some degree of long-range molecular order, yet the broad C=C peak observed
by Raman conclusively shows that P3EHTe also has the greatest proportion of short-range
disorder out of the three polymers we have investigated. Consequently, we conclude that while
the branched side-chain is responsible for an increase in overall disorder it does not completely
prevent the formation of aggregates with long-range order.
8.3.3 High-Temperature Bar-Coating
Thermal annealing is a commonly used processing treatment for manipulating and improving
the morphology of organic thin films, and we have previously reported that annealing above the
glass transition temperature of conjugated polymers like P3HT can have a significant e↵ect on
their molecular order.70,91 The improvement is a consequence of heating the polymer above its
glass transition temperature, at which point it becomes mobile and can reorganise, eventually
adopting a thermodynamically-determined equilibrium morphology.70 A similar e↵ect can be
achieved by depositing films directly from solution onto hot substrates, e↵ectively annealing the
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solid material as it precipitates out of the solution, and has the advantage of making it easier
to process materials that are poorly soluble at room temperature.
Figure 8.8: Normalised absorption spectra (a,c,e) and normalised Raman spectra (b,d,f) for
di↵erently processed films of P3HTe (a,b), P3DDTe (c,d), and P3EHTe (e,f). Neat films were
bar-coated at room temperature and 140 oC, P3ATe:HDPE blend films were bar-coated at 140
oC and were 2:1 by weight. Raman excitation   was 488 nm.
When P3HTe was bar-coated onto a substrate heated to 140 oC it produced a much more uniform
film morphology, as shown in Figure 8.9, that suggests a slower deposition and greater solubility.
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This led to a 33 nm red-shift of absorption from 612 to 643 nm (Figure 8.8a), indicative of a
longer e↵ective conjugation length and greater crystallinity. In terms of Raman, there was no
change in the position of the C=C peak (1373 cm 1, see Figure 8.8b) due to the dominance
of the ordered contribution, but there was a significant increase in the relative intensity of the
ordered phase, from 39% to 56%, due to suppression of the disordered phase contribution at 1420
cm 1. Overall, it appears there was a marked improvement in the crystallinity and molecular
order when the film was cast at high temperature, which can be attributed to a combination
of greater solubility and annealing during deposition driving the film towards a highly-ordered
equilibrium morphology.
P3DDTe also exhibited a more uniform morphology when bar-coated at 140 oC compared to
room temperature (Figure 8.9), resulting in a 19 nm red-shift in absorption (see Figure 8.8c)
from 580 to 599 nm, due to greater absorption at longer wavelengths. Similarly, Raman spec-
tra (Figure 8.8d) also demonstrated an increase in backbone planarity and molecular order:
the relative intensity of the ordered phase rose from 26% to 42% and produced a down-shift
of the C=C peak position from 1421 to 1391 cm 1. The Raman spectra of both P3HTe and
P3DDTe were very similar in shape when cast at high temperature, suggesting that both poly-
mers have achieved similar degrees of molecular order despite the large di↵erences observed
for films cast at room temperature. This leads us to conclude that both P3HTe and P3DDTe,
possessing linear side-chains, have similar equilibrium morphologies dominated by highly planar
conformations, which can be attained under thermodynamic deposition conditions (i.e. at high
temperatures); this agrees with the transistor data reported by Jahnke et al., who reported that
P3HTe and P3DDTe both exhibited a moderately good charge carrier mobility of 1.6⇥10 3 cm2
V 1 s 1 when bar-coated at 140 oC, indicative of good ⇡-⇡ stacking for intermolecular charge
transport.123 We propose that when P3DDTe is deposited at low temperatures, the longer side-
chains introduce a large kinetic barrier that slows the reorganisation of polymer chains, leading
to a much more disordered polymer conformation in thin films at room temperature compared
to P3HTe. This barrier appears to hinder the development of long-range order even at high
temperatures: although the films exhibited almost identical Raman spectra when bar-coated
at 140 oC, the absorption of P3DDTe was not red-shifted towards longer wavelengths (longer
conjugation lengths) by as much as that of P3HTe.
Bar-coating neat P3EHTe at 140 oC resulted in a slightly less uniform film (Figure 8.9) and
had relatively little impact on the polymer’s absorption (see Figure 8.8e), resulting in a small
decrease in absorption at longer wavelengths, notably of the vibronic shoulder at ⇠750 nm, with
a corresponding ⇠6 nm blue-shift of  max from 634 to 628 nm. These changes in absorption
suggest a poorer deposition but are too negligible to lead to any serious conclusions, and as such
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we must look at the impact on short-range molecular order according to Raman. Figure 8.8f
demonstrates that there was a significant improvement in molecular order for P3EHTe deposited
at 140 oC, evident by an increase in the relative intensity of the ordered phase at ⇠1390 cm 1
and a corresponding shift of the C=C peak maximum from 1420 to ⇠1410 cm 1. The C=C
peak did not resemble that of P3HTe or P3DDTe cast under the same conditions, exhibiting a
much larger disordered contribution at ⇠1420 cm 1 and a broad C=C peak indicative of a broad
distribution of di↵erent molecular conformations rather than the predominantly ordered phase
that was observed for the other two polymers. This may explain why P3EHTe was reported to
have a significantly lower charge carrier mobility (7.8⇥10 5 cm2 V 1 s 1) compared to P3HTe
and P3DDTe (1.6 ⇥ 10 3 cm2 V 1 s 1),123 which could be attributed to poorer ⇡-⇡ stacking
due to conformational disorder. Considering that P3EHTe exhibited less of an improvement in
order when cast at 140 oC compared to a polymer with larger, heavier side-chains (P3DDTe),
we consider that the organisation of P3EHTe is not limited by a kinetic energy barrier like that
of P3DDTe, but that its equilibrium morphology is simply one with a lower degree of molecular
order due to steric e↵ects from its branched side-chains.
8.3.4 Blends with HDPE
We then examined the short and long-range molecular order of each semiconducting P3ATe
polymer when blended with insulating high-density polyethylene (HDPE).
P3ATe:HDPE blends were used previously by Jahnke et al. as the semiconducting layer in
bottom-gate bottom-contact field e↵ect transistors (FETs), and exhibited reasonable charge
transport characteristics (hole mobilities of ⇠10 3 cm2 V 1 s 1) despite containing ⇠40% insu-
lating polymer by weight.123 We have previously reported that blending P3HT with the fullerene
acceptor PC60BM resulted in a significant loss of molecular order, due to the formation of a
mixed amorphous phase where P3HT organisation is disrupted,68,70 and as such it is impor-
tant to study the impact of blending on the molecular order of polytellurophenes if we are to
understand the performance of P3ATe-based blend films in electronic devices.
Blending P3HTe with HDPE produced a phase-separated film containing micron-scale domains,
according to optical microscopy (Figure 8.9). HDPE did not contribute to either absorption
or Raman spectra due to its lack of conjugation, but did a↵ect the absorption and Raman of
P3HTe: causing a ⇠9 nm blue-shift of its main absorption peak from 643 to 634 nm (Figure
8.8a), and a small increase in the relative intensity of the disordered contribution to the C=C
peak (Figure 8.8b) that reduced relative intensity of the ordered phase from 56% to 51%. These
changes were relatively minor considering the blend contained 40% HDPE by weight, and as
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Figure 8.9: Micrographs of P3HTe (left column), P3DDTe (middle column) and P3EHTe
(right column) films, either neat films bar-coated at room temperature (top row), at 140 oC
(middle row) or blend films bar-coated at 140 oC (bottom row).
such it appears that the two materials have formed well-separated domains with relatively little
interaction that would lead to disruption of molecular order. TEM imaging done by Jahnke et
al. indicated that the blends were formed of nanofibres and aggregated micron-scale spheroids
set in a surrounding matrix, and Electron-Dispersive X-ray (EXD) mapping established that
both the nanofibres and the matrix contained tellurium.123 We propose that these nanofibres
are responsible for the highly-ordered component we observe using Raman, which is una↵ected
by blending, and that the small increase in disorder (responsible for the ⇠9 nm blue-shift
of absorption) is from a small quantity of P3HTe polymer that is mixed with HDPE in the
amorphous matrix.
For P3DDTe:HDPE, the blend appeared to be highly phase separated at the micron-scale (Fig-
ure 8.9) as was observed for P3HTe:HDPE. Figure 8.8c revealed a very small ⇠7 nm red-shift
of absorption, from a  max of 599 to 606 nm, due to decreased intensity at longer wavelengths,
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but the change was so minor that we consider blending had little impact. However, Raman
(Figure 8.8d) established that there was a clear increase in the disordered contribution to the
C=C peak, around ⇠1420 cm 1, which resulted in a decrease in the estimated ordered phase
fraction from 53% to 45%. It appears that P3DDTe:PCBM also forms a highly separated blend
structure, preserving the polymer’s e↵ective conjugation length, but with a slightly higher de-
gree of intermixing evident in the greater disorder compared to P3HTe. TEM images reported
previously showed that P3DDTe formed nanofibres in the neat film but that these were absent
in the blend, while EXD revealed that tellurium was localised in one phase of the blend.123 Con-
sequently, it appears that although nanofibrillar structure is suppressed by blending, the film
is still phase-separated and P3DDTe retains a significant percentage of its natural short-range
molecular order. Interestingly, the P3DDTe:HDPE blend is reported to perform better than
the neat film in FET devices, with a 3.6⇥ increase in charge carrier mobility to 5.7⇥ 10 3 cm2
V 1 s 1, suggesting that the percolated network with good ⇡-⇡ stacking still exists despite the
loss of nanofibres.123 We propose that unlike P3HTe, the longer side-chains of P3DDTe allow it
to better mix with HDPE but also possess enough flexibility that the conjugated backbone can
retain its planarity despite this interaction, at the expense of longer-range lamellar organisation
(i.e. nanofibre formation).
P3EHTe was reportedly the least miscible with HDPE, according to TEM and EXS mapping,
and apparently formed a phase-separated network of P3EHTe nanofibrils in a pure HDPE ma-
trix.123 According to optical microscopy the film was phase-separated but the scale of individual
domains was the smallest of the three blends (Figure 8.9). Figure 8.8e shows that blending had
almost no impact on absorption, with no change in  max and only a slight increase in absorption
at ⇠750 nm, the 0-0 vibronic transition associated with aggregation. Figure 8.8f shows there
was a corresponding increase in molecular order, indicated by reduced intensity from the disor-
dered component of the C=C peak. This improvement in both molecular order and conjugation
length upon blending is very unusual; and does not follow our understanding that any degree of
interaction leads to some disruption of molecular order, as shown by P3HTe and P3DDTe. How-
ever, we have previously observed that it is possible to obtain greater molecular order in blends
of P3HT and polyethylene oxide (PEO) compared to a neat film deposited under the same
conditions, due to their immiscibility driving the formation of an extremely phase-separated
structure.3 We propose that a similar repulsion occurs in P3EHTe:HDPE blends, driving the
two materials to form closely-packed pure structures in order to avoid contact with one another,
resulting in greater backbone planarity and increased 0-0 absorption (i.e. J-like aggregation).
This may explain why P3EHTe device performance was apparently improved by blending: closer
aggregation and greater molecular order will aid ⇡-⇡ charge transport, in agreement with the
reported 3.6x increase in charge carrier mobility to 2.8⇥ 10 4 cm2 V 1 s 1.
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8.4 Conclusions
Using absorption spectroscopy and resonant Raman spectroscopy, we have found that polytel-
lurophene, a heavy organometallic analogue of polythiophene, exhibits some favourable opto-
electronic and morphological properties as a result of the substitution of tellurium for sulfur.
P3HTe exhibits a low optical band-gap of 1.4 eV, which will aid e cient sunlight harvesting for
organic photovoltaic applications; while an increase in molecular order, i.e. greater planarity of
the conjugated backbone, encourages aggregation and easier charge transport. Continuing the
trend down Group VI from polythiophene to polyselenophene, polytellurophene has a remark-
able Raman spectrum with clearly defined vibrational peaks associated with ordered and disor-
dered polymer phases, dominated by a narrow distribution of planar conformations and a broad
distribution of twisted conformations respectively. By comparing three polytellurophenes with
di↵erent side-chains, we have studied how both and deposition conditions and minor changes
in chemical structure can influence the organisation of the polymer at the nanoscale. We have
established that increasing the length of a linear side-chain from a hexyl to a dodecyl moiety
introduces a greater proportion of disordered phase at room temperature due to kinetic hin-
drance, but that both P3HTe and P3DDTe can achieve a similarly high degree of molecular
order at higher temperatures. By contrast, using a branched 2-ethylhexyl side-chain introduces
inherently greater conformational disorder through steric hindrance, which is still present even
when deposited at high temperature and helps explain the poorer charge carrier mobility that
has been reported for P3EHTe.123 When blended with the polymeric insulator HDPE, all three
polymers exhibited relatively little disorder due to intermixing, instead forming phase-separated
networks of good molecular order that are beneficial to percolated charge transport in transis-
tors. Di↵erences in reported charge carrier mobility can be attributed to variation in miscibility
between their side-chains and HDPE, correlated to the impact on molecular order: P3DDTe
was the most miscible, and exhibited the greatest disruption due to blending; P3HTe was less
compatible with HDPE and retained its highly-ordered nanofibrillar structure, with no impact
on mobility; while P3EHTE was the least compatible and actually exhibited greater molecular
order when blended, with a corresponding improvement in charge carrier mobility.
Chapter 9
Conclusions and Further Work
9.1 Conclusions
The goal of this thesis was to use advanced spectroscopic techniques to characterise the thin
film morphology of several organic semiconductor materials, and relate that morphology to
parameters such as molecular structure, solution processing conditions and the use of post-
deposition treatments. By understanding these relationships, it becomes possible to control
morphology in order to maximise the e ciency and stability of organic solar cells. Detailed
conclusions for each study can be found at the end of each Chapter, but the most important
are repeated in summary here.
For the model polymer:fullerene blend system of P3HT:PCBM, we investigated how the blend
morphology and P3HT molecular order are influenced by several parameters, observing trends
in morphology that help explain published device performance data. We identified that PCBM
dissolves in the amorphous domains of P3HT, up to a miscibility limit of ⇠25 %wt, and results
in a loss of P3HT order at higher concentrations. This disorder can be removed by inducing
phase separation, through the use of a solvent additive such as DIO, or thermal annealing above
the glass transition temperature of the mixed phase, ⇠50 oC, in agreement with the improved
short-circuit current and e ciency reported for devices annealed above this temperature or
treated with DIO.
We investigated the photo-degradation of the high-e ciency polymer PTB7, which su↵ers from
poor photo-chemical stability when exposed to both light and oxygen. Using resonant Raman
spectroscopy we identified several vibrational changes after four hours of photo-degradation, and
DFT simulations of potential products indicated that this was a consequence of hydroxylation
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of the aromatic C-H bonds on the benzodithiophene donor unit. In situ accelerated degrada-
tion using the Raman laser revealed that this oxidation precedes the loss of the chromophore,
correlated to reduced absorption and resonant Raman scattering, and is therefore likely to
be an initial oxidation product. We also confirmed that degradation occurs faster in blends
with PC70BM, attributed to increased singlet oxygen yield by non-geminate pair recombination
across the donor/acceptor material interface. Understanding the nature of the initial oxidation
can guide the development of analogue polymers that are more resistant to degradation and
maintain high e ciency over a longer lifetime.
We have also demonstrated the selective probing of interfacial properties in organic blend films
using an advanced spectroscopic technique, Surface-Enhanced Raman Spectroscopy. SERS of-
fers a strong distance selectivity, using evaporated silver as the SERS-active material there was
an enhancement of Raman scattering for only those molecules within ⇠7.6 nm of the metal
surface, by an average factor of 10-1000⇥ depending on the organic material. We developed
a method for applying SERS to thick organic films, including corrections for film thickness
and transmittance, in order to quantitatively measure interfacial composition in blends of poly-
mer:polymer (P3HT:F8TBT) and polymer:fullerene (PTB7:PC70BM). For both blends, inter-
facial compositions followed a trend determined by surface energy, with the acceptor material
concentrated at the high-energy substrate interface and donor material at the low-energy air
interface. This direction of vertical phase separation is more appropriate for charge extraction in
an inverted device architecture, in agreement with reported e ciencies for both blends. Further
confirmation of the importance of interfacial composition was shown by the e↵ect of thermal an-
nealing: pre-annealing further increased P3HT content at the top interface but post-annealing
increased the F8TBT content instead, which we correlate to better conventional device perfor-
mance as has been reported for only those devices annealed after deposition of the metal top
electrode.
Finally, we have characterised the impact of heavy atom substitution on the opto-electronic and
morphological properties of a novel organometallic polymer, polytellurophene. It was demon-
strated that polytellurophene continues the trend down Group VI from the lighter analogues
polythiophene to polyselenophene, exhibiting a smaller band-gap of only 1.4 eV and a resonant
Raman spectrum strongly influenced by backbone planarity and thus molecular order. We also
showed that the organisation of the polymer was strongly dependent on the structure of the
side-chain: substitution of the hexyl chain for a longer linear chain (dodecyl) led to reduced
molecular order unless deposited at high temperatures, indicating greater kinetic hindrance,
while a branched side-chain (2-ethylhexyl) produced disorder that could not be removed by
heating, due to the steric hindrance of the branched moiety. The trends in molecular order
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agreed well with reported charge carrier mobilities for the three polymers, and was also ob-
served for blends with the insulating polymer HDPE, where greater co-miscibility from longer
side-chains led to more intermixing with HDPE and a further reduction in order/mobility.
Although the work presented in this thesis has focused on four specific studies and a limited
number of organic semiconductor materials, the techniques used to characterise those materials
are broadly applicable to many other materials and purposes. Raman spectroscopy and its
variants (including SERS) are particularly versatile and powerful techniques for the study of
conjugated polymers in terms of molecular structure, conformation and organisation, with the
advantage of being generally non-destructive. Their application to in situ characterisation of
both morphology and stability, as has been demonstrated in this thesis, emphasises the value
of these techniques and o↵ers the potential for integration into large-scale solar cell produc-
tion/testing, such as in-line quality control for roll-to-roll printing and stability testing.
9.2 Further Work
With each novel semiconducting material developed for use in organic solar cells, extensive
characterisation and optimisation is essential to obtain the best possible e ciency. Some of
the results presented in this thesis were intended to form a general model of structure-property
relationships for a classic polymer:fullerene blend system, but there will always be unexpected
or unpredictable factors that may influence how a particular material forms a blend film and
how that film’s morphology a↵ects device performance. As reported e ciencies continue to rise,
it is important to properly characterise each new material to ensure that it has been properly
optimised in terms of morphology.
One particular class of high-e ciency materials are the two-dimensional PTB7 analogues such
as PTB7-Th, which possess aromatic rings in their side-chains and have a reported e ciency
of 10.3%, the current record for a commercially available material.65 This class of materials are
therefore of extreme interest, in terms of both their structural properties and their stability.
An investigation of the structure-property relationships for this class of materials, and their
potential photo-oxidative degradation via pathways similar to that we have reported for PTB7,
would be a valuable and significant continuation of the work that has been presented in this
thesis.
The study of interfacial properties using SERS demonstrated significant value, in terms of in-
terfacial selectivity and sensitivity, but the results presented in Chapter 7 demonstrated that
there were still several unanswered questions regarding the e↵ect of surface enhancement on
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Raman spectra of conjugated polymers. The potential reward, a non-destructive technique for
quantitatively measuring interfacial properties such as composition, warrants further investiga-
tion in order to identify and understand those phenomena. It would also be worth considering
how a technique like SERS could be applied to in situ characterisation of such properties in-
side actual devices, as many organic solar cells architectures feature organic/metallic interfaces.
Furthermore, there are some reports in the literature on the use of plasmonic nanostructures to
increase absorption within the active layer,147,149 and the same structures may also be ideal for
SERS.
Finally, as large-scale OPVs approach the often-quoted ⇠12% e ciency threshold for economical
viability, it is becoming increasingly important to consider the impact of stability on the levelised
cost of organic solar cells.9 Devices that must be replaced every few years will be very limited
in their application, and the use of non-destructive characterisation techniques such as those
presented here will be essential to measuring and understanding the photo-chemical degradation
mechanisms that dominate the stability of conjugated polymers. As was demonstrated with
PTB7, the sensitivity of resonant Raman to conjugation and molecular structure makes it a
valuable tool for probing structural changes induced by degradation. It would be informative
to work closely in collaboration with synthetic chemists to investigate how intentional changes
to molecular structure influence and eventually be used to improve photo-chemical stability.
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Appendix A
DFT Simulations
Density Functional Theory is a computational chemistry technique used to accurately predict
energetic and structural properties of molecules, by using quantum mechanics to determine their
most stable electronic structure. Quantum mechanical descriptions are far more versatile than
classical molecular mechanics, and are able to simulate a wide variety of materials and molecules
from first principles (so-called ab initio methods). This is done by finding a wavefunction ( ))
that fully describes a given system of atoms and their electrons, and solving an approximation
of the time-independent Schro¨dinger equation to calculate its respective energy, E.168
Hˆ = E (A.1)
A.1 Density Functional Theory
Hartree-Fock methods approximate Hˆ as a Fock operator that treats all electron-electron in-
teractions using a mean field, and so can divide  into a Slater determinant comprised of N
spin-orbitals containing 1 electron each (due to the Pauli exclusion principle). The best set of
spin-orbitals is one with the lowest total energy, and thus represents the ground state. This
method is able to account for energetic perturbations due to electron exchange but not for elec-
tron correlation, which can leads to significant deviations from ’true’ experimental results, and
is still computationally intensive.
A more modern approach is Density Functional Theory. DFT eliminates much of the calcula-
tion time and electron correlation issues inherent to HF methods by solving the Schro¨dinger
equation in terms of electron density rather than individual electrons. By treating the electron
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wavefunction as a density (⇢) rather than a set of positions ( ), the calculation is determined
by 3 rather than 4N coordinates and is consequently much quicker than H-F at simulating large
molecules with many electrons (large N).
As energy E is a function of  , it must be a functional of ⇢. In principle, the functional is a
precise analytical tool for finding E with all electron correlation and exchange accounted for,
however this is only true if the right functional is known. For now, we have to use imprecise
functionals, due to approximation of the exchange/correlation energy EXC .168
A common functional used for exchange-correlation is the local density approximation (LDA),
which uses the value of EXC for an electron in an idealised electron gas called Jellium (taken to
be infinite and homogenous, with a uniform positive charge for overall neutrality). This value
can be multiplied by the local density at any position to estimate EXC . A more sophisticated
functional is the generalised gradient approximation (GGA), which is multiplied by the gradi-
ent of electron density. Despite the inherent flaws of these approximations, they can provide
very accurate estimations of molecular structure in terms of bond lengths and angles, but tend
to overestimate bond energies. All simulations reported in this thesis were done using a hy-
brid functional, B3LYP, that uses both the LDA and GGA approximations with empirically
determined weighting coe cients.
DFT calculations are almost always performed using a ’basis set’ of pre-defined electron density
distribution functions in order to simplify the calculation and express the calculated electron
density in terms of molecular orbitals. These functions are centred on each nucleus and are
typically Gaussian-type due to their computational simplicity, allowing for a greater number of
functions to be used for the approximation. With a su ciently large basis set, it is possible
to approximate any atomic orbital by linear combination of Gaussian functions, and then any
molecular orbital by linear combination of those atomic orbitals.
For conjugated molecules like organic semiconductors, split-valence basis sets are commonly
used as they distinguish between valence orbitals and core orbitals, employing a greater number
of functions (2 = double zeta, 3 = triple zeta, etc) to describe the more chemically-significant
valence orbitals. The split-valence double-zeta set 6-31G(dp), which was used throughout this
thesis, has a breakdown of functions as follows:
• 1 function formed of 6 Gaussians for core orbitals
• 2 functions (of 3 and 1 Gaussians respectively) for valence orbitals
• 6 d -type polarisation functions per non-H atom
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• 3 p-type polarisation functions per H atom
where polarisation functions (dp) are used to distort the orbitals on a given atom to give a
better representation of polarised covalent bonds. Di↵use functions (given by the + or ++
notation) are sometimes included but are not relevant to the simulations done as part of these
studies. The choice of basis set can have a significant impact on the calculated energetics and
structure of a simulated molecule: with increasing basis set size there is generally a convergence
towards the most ’realistic’ value (i.e. that given by an infinite basis set) but an exponential
increase in computation time. This is shown by simulations of a benzene molecule in Table
A.1, a 6-31G(dp) basis set can provide su ciently accurate structural values for the ⇡-system
of conjugated molecules.
Basis Set Time Taken Relative Energy Bond Length
seconds (Hartree) (A˚)
3-21G 112 1.33 1.397
6-31G 114 0.11 1.400
6-311G 199 0.06 1.398
6-31G(dp) 274 0.05 1.396
6-311G(dp) 306 0.00 1.394
Table A.1: Computation time, calculated energy relative to the ground state and average C-C
bond length for an optimised molecule of benzene simulated using di↵erent split-valence basis
sets.
These basis sets are only applicable to elements up to a certain atomic number, in the case of
6-31G(dp) it is no longer reliable beyond Xe due to the increasingly relativistic properties of
the innermost core electrons. For heavier elements, it’s necessary to use a basis set with an
empirically determined pseudo-potential. This removes the computational demand and inaccu-
racy imposed by a large number of high-energy core electrons, but retains their screening of the
nuclear charge experienced by more distant valence electrons by modifying the e↵ective core
potential.168 It is possible to use multiple basis sets in the same simulation, and specify which
ranges of atomic number each set applies to. This was used for polytellurophene: employing
B3LYP 6-31G(dp) for H and C atoms and LanL2DZ (a Los Alamos pseudo-potential basis set)
for Te atoms.
A.2 Methodology
All simulations done as part of these studies were done using the Gaussian09 software package,135
employing a B3LYP hybrid functional and a 6-31G(dp) split-valence basis set unless stated
Appendix A. DFT Simulations 186
otherwise. Molecules were optimised in the gas phase (no intermolecular interactions) in order
to obtain a ground state structure in terms of bond lengths and angles. The optimisation was
iterative, starting with an initial structure created by the user that was used to find a self-
consistent field (SCF) for the electronic wavefunction, which was then used to determine the
overall electrostatic force acting on each atom. The structure was adjusted accordingly and a
new SCF obtained, and so on, until the structure was stable (a minimum energy is achieved).
This process cannot distinguish between local and global minima, and so it is very important to
start with a reasonable initial structure. The last solution of the SCF also provided molecular
orbitals through linear combination of atomic orbitals obtained using the chosen basis set,
allowing the energy and distribution of electron density in a given orbital (i.e. HOMO, LUMO
or LUMO+1) to be compared. This is particularly important to the study of donor-acceptor
co-polymers such as F8TBT and PTB7 that display significant charge-transfer character.
It was also possible to fix a particular structural parameter, such as torsion angle, while allowing
the rest of the structure to optimise in order to determine the e↵ect of varying that parameter
on other properties. Selective optimisation is preferable to simply modifying the parameter
without optimisation, as it allows the structure to relax around the change and adopt a more
realistic conformation.
For each optimised molecule, a frequency analysis by Gaussian09 is used to determine all its
possible vibrational, rotational and translational modes. Based on the force constants derived
from the optimised structure and the SCF, the frequency of each vibrational mode can be
calculated provided that the same basis set is used for both optimisation and frequency analysis.
The intensity of each Raman mode is determined by its predicted Raman activity, based on the
change in polarisability induced by the vibration, and a spectrum of ’peaks’ is generated from
the absolute vibrational frequencies using an arbitrary broadening function. This means that
the predicted FWHM cannot be considered representative of any real phenomenon or compared
to experimental values. Peaks can be assigned to a particular vibrational mode by examining
and describing the collective movement of atoms at the appropriate frequency. Because of the
overestimation of binding energy by DFT, the resulting vibrational frequencies must be scaled
down by an empirical scaling factor, which is determined by the basis set used.100
A.3 Conjugated Polymers
When DFT is applied to the simulation of conjugated polymers, computation time becomes
a major limitation. It is simply not practical, or wise, to try and simulate polymer chains
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with lengths approaching those of real polymers with ¿50 repeat units. Instead the polymer is
represented by a much shorter oligomer, typically ¡10 repeat units, with any alkyl side-chains
reduced to methyl groups. The latter simplification is particularly important during structural
optimisation, as the Gaussian09 software package simulates molecules as though they were in a
gas phase (no intermolecular interactions), and thus the relatively flexible side-chains are free
to explore a large volume and will take a very long time to find their global minimum energy
(i.e. the ground state). With a computational time limit of 4 days, the maximum side-chain
length was 3 carbon atoms for a heptamer of poly(3-alkylthiophene) (P3AT).
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Figure A.1: a) Electronic band-gap for a series of P3MT oligomers of di↵erent lengths, as
simulated by DFT. b) Comparison of simulated and measured spectra for a heptamer and
RR-P3HT thin film respectively.
As shown in Figure A.1a, there’s a strong correlation between electronic properties (namely
the HOMO-LUMO band-gap) and the length of a polythiophene oligomer. This agrees with
our understanding that a longer conjugated backbone means greater delocalisation of ⇡-electron
density, and thus a reduced opto-electronic band-gap. The band-gap for an infinite chain can be
estimated from the trend at ⇠2.51 eV, about 0.6 eV higher than the experimentally-measured
value. Although this indicates that DFT tends to overestimate the electronic properties of the
conjugated polymer, it does confirm that it’s possible to simulate an infinite chain length to
within an acceptable margin of error (a deviation of 0.08 eV) using only an oligomer of only 7
repeat units (a heptamer). This was corroborated by the theoretical Raman spectrum, which
was a reasonably good fit to the experimental spectrum in terms of predicted Raman shifts and
relative Raman activities (see Figure A.1b) for the C=C and C-C peaks at ⇠1445 and ⇠1380
cm 1, as well as the asymmetric C=C stretch at ⇠1470 cm 1.
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Figure A.2: a) Optimised structure for a P3MT heptamer. E↵ect of inter-unit torsion angle on
relative energy, band-gap (b); absolute Raman spectrum (c); and normalised Raman spectrum
(d) according to DFT.
Figure A.2 demonstrates how twisting the conjugated backbone of P3MT a↵ects both its elec-
tronic properties (a,b) and vibrational properties (c,d). It’s clear that the most stable confor-
mation for the polymer (in the gas phase) is one of fairly high planarity, ⇠20o, though there
is relatively little di↵erence in energy between 0 and 20o (Figure A.2a). It is also evident that
a more twisted chain leads to a larger band-gap, as is expected from the di↵erence in  max of
absorption between RR-P3HT and RRa-P3HT observed experimentally. This can be explained
by the less co-planar rings hindering delocalisation of ⇡-electron density.
Furthermore, backbone planarity has a big impact on the vibrational spectrum of the molecule
(Figures A.2c and d). As was described by Tsoi et al., the C=C peak at ⇠1445 cm 1 is shifted
to higher frequencies with increasing torsion angle. We attribute this to the greater localisation
of electron density on the C=C bonds of more twisted chains, increasing their e↵ective spring
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Figure A.3: a) Normalised Raman spectra for oligomers of P3MT, P3MS and P3MTe pre-
dicted by DFT. b) Variation in P3MTe Raman spectrum with inter-unit torsion angle.
constant and raising their vibrational frequency. The corresponding decrease in the relative
intensity of the C-C mode was also observed, though there was also a general decrease in
intensity (i.e. Raman activity) across the whole spectrum with torsion angle. The dependence
of C=C vibrational frequency on planarity allows us to indirectly measure molecular order using
Raman spectroscopy, and has been used extensively in Chapters 5, 7 and 8.
For the investigation of P3ATe morphology in Chapter 8, we need to establish whether poly-
tellurophene, a heavy metal analogue of polythiophene, exhibits a similar relationship between
molecular order and vibrational spectra. Firstly, we simulated three Group VI analogues: poly-
thiophene, polyselenophene and polytellurophene (P3MT, P3MS and P3MTe respectively). The
optimised structures indicated that P3MTe was the most planar (0.02o), followed by P3MS
(0.2o), while P3HT was the least planar (20o). As shown in Figure A.3a, the predicted Ra-
man spectra for all three oligomers were dominated by a C=C symmetric stretching mode at
1390-1450 cm 1, a much weaker C-C peak at lower frequencies (1310-1350 cm 1) and minor
asymmetric C=C modes at higher frequencies (⇠1460 cm 1). The trend from P3HT to P3HS
that has been reported experimentally, namely that both C=C and C-C modes are shifted to
lower frequencies and a lower C-C/C=C ratio,88 was evident in the predicted spectra for P3MT
and P3MS. Moving further down Group VI to P3MTe continued the trend, shifting the C=C
peak to even lower wavenumbers and reducing the C-C relative intensity further. This agrees
with what we observed experimentally in Chapter 8, and is attributed to the e↵ect of the heavy
atom on electron density along the conjugated backbone.88
When we intentionally varied the torsion angle of the P3MTe oligomer, we found that it displayed
the same behaviour as P3MT: with increasing angle there was an increase in opto-electronic
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Figure A.4: Raman spectra for a DAD oligomer of F8TBT simulated by DFT, vs the exper-
imental spectrum (a) and individual monomer spectra (b).
band-gap and the frequency of the C=C peak (see Figure A.3b). We can conclude that the
resonant Raman spectrum of P3ATe should exhibit similar sensitivity to backbone planarity,
and thus can be used to probe molecular order.
For the co-polymer F8TBT, which is comprised of fluorene (F) donor units, and thiophene (T)
and benzothiadiazole (BT) acceptor units, we found that the most representative oligomer in
terms of Raman spectrum was the donor-acceptor-donor structure (F-T-BT-T-F). This pro-
duced the spectrum shown in Figure A.4, with several peaks assigned to various C=C and C-H
vibrations of the di↵erent units along the conjugated backbone. Assignments are given in Sec-
tion 7.5, where they are immediately relevant to that study, and will not be repeated in detail
here. As shown in Figure A.5b), there is a good match between the predicted Raman spectra
for F8TBT and the simpler polymer F8BT: the is a replication of the F- and BT-only modes
at ⇠1280, ⇠1525 and ⇠1600 cm 1, with the latter two slightly up-shifted in F8TBT, by 5 and
15 cm 1 respectively; a di↵erence of ⇠10 cm 1 that is in agreement with the experimentally
observations reported in Section 7.5. The additional modes for F8TBT at 1300-1500 cm 1 arise
from the introduction of the T unit, and are assigned to coupled vibrations across the T and
BT units.
A key issue is whether F8TBT displays similar conformational behaviour to F8BT, which is
reported to exhibit improved charge transport e ciency when there is a twist between F and
BT units. In the case of F8BT, this has been reported to induce a change in the experimentally
measured intensity ratio between BT and F peaks at ⇠1545 and ⇠1608 cm 1.156 Figures A.5c
and d demonstrate how the torsion angle between F and BT units in the F8TBT oligomer
a↵ects both the overall Raman intensity predicted by DFT, and the relative intensity of all
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Figure A.5: Comparison of F8BT and F8TBT structures (a) and Raman spectra (b) predicted
by DFT. c) Raman spectra for a DAD oligomer of F8TBT with varying F-BT torsion angle.
All spectra normalised to the BT mode at ⇠1525 cm 1.
modes with respect to the BT mode at ⇠1525 cm 1 (1536cm 1 in experimental spectra). This
can be understood in terms of increasing localisation of electron density (particularly of the CT-
state LUMO) on the less co-planar BT unit. The localisation also acts to increase the predicted
frequency for several vibrational modes, including the F and BT modes. Most importantly,
it is clear that increasing torsion angle leads to a larger IBT /IF ratio, and thus the relative
intensities of those two peaks can be used to observe changes in the co-planarity of F8TBT in
thin films and infer changes in their charge transport properties.
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Figure A.6: a) Comparison of predicted and measured Raman spectra for the fullerene
PC70BM. b-e) Atomic displacement vectors for the 4 major vibrations of the C70 cluster, viewed
side-on and end-on.
A.4 Small Molecules
In addition to the conjugated polymers studied throughout this thesis, there was also one
Raman-active small molecule of importance: PC70BM. Although PC60BM was also used, it
is much less Raman-active than its larger cousin and in a typical 1:1 or 1:1.5 blend with a
conjugated polymer, the Raman peaks of PC70BM are detectable while those of PC60BM are
not.
Although it was possible to simulate the whole PC70BM molecule using DFT, including the
relatively short phenyl butyric methyl ester adduct, the most representative structure in terms
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of the predicted Raman spectrum was that of a simple C70 cluster. As shown in Figure A.6,
the C70 spectrum reliably predicts the number and frequencies of the major vibrational peaks
observed experimentally. This immediately indicates that those peaks must be associated with
vibrations of the cluster, rather than the adduct. The assignment of these modes was not simple,
as all featured motion of many atoms across the cluster. However, the four major vibrations
(1190, 1230, 1460 and 1560 cm 1) have been assigned previously to particular symmetry groups
in the literature, as A01, E01, A01 and E002 respectively. As shown by atomic displacement vectors
for each vibration in Figure A.6b-e, the 1190 cm 1 mode is a purely equatorial vibration while
the 1230 and 1460 cm 1 modes are orthogonal vibrations of the whole cluster (parallel and
perpendicular to the main axis) and the 1560 cm 1 mode is a group of five degenerate vibrations
localised at the cluster’s poles (only one is shown in Figure A.6e for clarity).
These assignments are of some significance to the SERS work done in Section 7.6, where a
selective enhancement of the more polar vibrations, indicating a possible anisotropy in the
molecules’ alignment to the surface-enhanced electric field.
Appendix B
SERS Modelling
B.1 Derivation of Interfacial EF model:
The apparent Enhancement Factor (EF) is given by the Raman and SERS intensities:
EFapp =
ISERS
IRS
(B.1)
In our model, described in Section 7.4, we divide the Raman scattering from an organic thin
film into two separate intensities, Iint and Ibulk, that represent contributions from the interface
and the bulk of the film respectively. The thicknesses of these layers is defined such that, under
SERS conditions, only the interfacial layer experiences surface enhancement according to the
Interfacial Enhancement Factor (EFint). Equation B.1 becomes:
EFapp =
EFintIint + Ibulk
Iint + Ibulk
(B.2)
And now we can rearrange to find EFint from the apparent EF. For the sake of simplicity, we
define x and y as follows:
EFapp = y
EFint = x
(B.3)
This turns Equation B.2 into:
194
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y =
xIint + Ibulk
Iint + Ibulk
(B.4)
However, we must account for the relationship between Raman intensity and film thickness
L, which will a↵ect Ibulk and Iint di↵erently and thus alter the Raman and SERS intensities
disproportionately.
Iint = I
0 
Ibulk = I
0(L   )
(B.5)
where L is the total film thickness,   is the enhancement decay length and I 0 is an arbitrary
Raman scattering intensity inherent to the material (i.e. per nm). Substituting these values
into Equation B.4 gives:
y =
xI 0  + I 0(L   )
I 0  + I 0(L   ) (B.6)
which can be rearranged to express EFint (x) in terms of apparent EF (y), film thickness L and
the enhancement decay  
y(I 0  + I 0(L   )) = xI 0  + I 0(L   )
y(I 0L) = I 0L+ I 0 (x  1)
y(I 0L)  I 0L = I 0 (x  1)
I 0L(y   1) = I 0 (x  1)
I 0L
I  
(y   1) = x  1
L
 
(y   1) = x  1
x = 1 +
L
 
(y + 1)
(B.7)
This is demonstrated by resubstituting the original EF terms back into the equation:
EFint = 1 +
L
 
(EFapp + 1) (B.8)
Obtaining blend compositions from Raman and SERS:
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For a blend film of materials A and B, the composition of the bulk can be calculated from the
deconvolution of its Raman spectrum under normal Raman conditions (i.e. no enhancement).
Using linear deconvolution of reference spectra, which were the normalised spectra for the neat
materials, the fitted intensities for materials A and B are given by ↵ and   respectively. These
intensities are proportional to the number of molecules of each material, and their Raman
scattering cross-sections  A and  B. Therefore the ratio between ↵ and   will be as follows:
↵
 
/ NA
NB
 A
 B
(B.9)
For a blend with a known weight ratio of 1:1, NA/NB = 1 and therefore ↵/  =  A/ B. This
allows the relative Raman scattering cross-section  A/ B to be determined from the bulk Raman
spectrum, which is needed if we are to calculate the compositions of other spectra.
Under SERS conditions we will instead measure an enhanced intensity ↵0 and  0, which will
depend on each material’s concentration at the interface, N 0. Equation B.9 becomes:
↵0
 0
/
✓
N 0A
N 0B
 A
 B
◆
EFA
EFB
(B.10)
where EFA and EFB are the enhancement factors experienced by each material. We have to
assume that each EF is equal to the value that was measured for a neat film under the same
conditions, i.e. in the same sample configuration. We also assume that the SERS cross-sections
are equal to the bulk value of  A/ B calculated earlier, or that any variation is included in each
experimentally measured EF.
This gives the final equation for determining composition from SERS, Equation B.11, which
depends on the ratio of fitted SERS intensities ↵0 and  0, the bulk cross-section ratio  B/ A,
and the neat EF values EFB and EFA.
N 0A
N 0B
=
↵0
 0
 B
 A
EFB
EFA
(B.11)
B.2 Derivation of organic thin film absorption model:
The Beer-Lambert law states
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A = ✏NL (B.12)
where A is absorption (in arbitrary units), ✏ is the molecular extinction coe cient, N is the
number of molecules in a given volume (typically moles/cm3) and L is the path length. This
applies to both solutions, where N = concentration, and thin films, where N = number density.
Extinction coe cient will naturally vary with wavelength.
The fraction of light transmitted by a thin film (T ) at a given wavelength   can be calculated
from the film’s absorption as follows, and is therefore related to film thickness.
T ( ) = 10 A( ) = 10 ✏NL (B.13)
This is true throughout the entire film, which can be divided into planes parallel to the incident
light according to distance l between the light source and the end of the film (0 < l < L).
This will not account for contributions to the local intensity internal reflection or scattering,
and therefore cannot include interference e↵ects that may a↵ect the distribution of intensity in
thicker films (where L ⇡  ). Additional assumptions are that the number density N is uniform
throughout the film, and that molecular orientation is similarly isotropic (as anisotropy would
a↵ect ✏).
IRS / T ( ) ⇡ 10 ✏Nl (B.14)
We know that Raman scattering intensity from any plane is proportional to the light intensity
incident on the plane, calculated according to its position l, but the scattered light (at  v)
must then pass back through the preceding film to be detected, and will also be attenuated by
absorption. Thus equation B.14 becomes:
IRS / T ( 0)T ( v) ⇡ 10 Nl(✏0+✏v) (B.15)
where ✏0 and ✏v are the extinction coe cients of the material at  0 and  v, the incident and
scattered wavelengths.
The total Raman intensity received from the film can be calculated by integrating Equation
B.15 between l = 0 and l = L. The indefinite integral will be:
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Figure B.1: a) Calculated Raman intensity for films of varying thickness, based on experi-
mental extinction coe cients for P3HT.
Z
10 Nl(✏0+✏v)dl =  10
 Nl(✏0+✏v)
N(✏0 + ✏v)
(B.16)
And the definite integral between l = 0 and l = L becomes:
Z L
0
10 Nl(✏0+✏v)dl =
1  10 NL(✏0+✏v)
N(✏0 + ✏v)
(B.17)
When the calculated Raman intensity according to Equation B.17 is plotted against film thick-
ness in Figure B.1a, it is evident that absorption quickly becomes significant. ✏ and N were
derived experimentally from P3HT, expressed together as a product with units of nm 1 that
was calculated from the absorption spectrum for a film of known thickness.  0 and  v were
488 nm and 525 nm respectively, to represent a typical resonant Raman measurement of P3HT
(where 525 nm = 1450 cm 1, the Raman shift for P3HT’s C=C peak).
Our original model assumed that Raman intensity was proportional to film thickness, with
no absorption of incident or scattered light. According to Figure B.1a, the Raman intensity
detected from a P3HT film will be reduced to half the assumed (linear) value when film thickness
reaches 48 nm. By 88 nm, the intensity will be reduced to 1/3 of the assumed value.
